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FOREWORD 


This  review  is  a reprint  of  two  Chapters  dealing  with  the  fundamentals 
and  current  state  of  technology  in  turbopropulsion  combustion.  These 
Chapters,  Chapter  15  and  20,  were  expressly  prepared  as  part  of  a Com- 
prehensive Study  of  Aircraft  Gas  Turbine  Engines,  edited  by  G.  C.  Oates, 
Professor  of  the  University  of  Washington.  This  propulsion  textbook  will 
be  published  by  the  Air  Force  Aero-Propulsion  Laboratory  in  1977.  The 
Combustion  Chapters  reprinted  herein  were  authored  by  Dr.  William  S. 
Blazowski,*  Fuels  Branch,  Fuels  and  Lubrication  Division,  and  Mr.  Robert 
E.  Henderson,  Components  Branch,  Turbine  Engine  Division, Air  Force  Aero- 
Propulsion  Laboratory,  Air  Force  Wright  Aeronautical  Laboratories,  Wright- 
Patterson  Air  Force  Base,  Ohio. 

The  work  reported  herein  was  assembled  and  written  during  the  period 
March  1975  to  December  1976  under  the  direction  of  the  authors.  Dr.  William 
Blazowski  (AFAPL/SFF)  and  Mr.  Robert  Henderson  (AFAPL/TBC).  The  Chapters 
were  released  by  the  authors  for  textbook  publication  in  January  1977. 

The  authors  wish  to  thank  Mr.  Frank  J.  Vcrkamp  of  Detroit  Diesel  Allison, 
General  Motors  Corporation;  Mr.  Donald  W.  Bahr  of  the  General  Electric 
Company,  Advanced  Engine  Group;  and  Dr.  Joseph  Faucher  of  Pratt  and  Whitney 
Aircraft,  Commercial  Products  Division,  for  their  assistance  and  technical 
contributions  given  during  the  preparation  and  review  of  these  combustion 
chapters. 
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CH/\FTKK  I ■' 


Fl'NUAiMKNTALS  OF  COMBL’SHON 


A) INTKODUC'nON 

Background  information  nocessary  to  Iho  under- 
standing of  aircraft  turbine  engine  combustion 
systems  is  distinctly  different  from  that  applying 
to  diffusers,  rotating  machinery,  or  no;ii:ies  and  a 
separate  discussion  of  fundamentals  is  warranted. 

The  purpose  of  this  chapter  is  to  review  the 
fundamental  concepts  important  to  aeropropulsion 
combustion.  Two  additional  chapters  will  consider 
the  practical  application  of  this  intormation  to 
mainburners  (Chapter  20)  and  afterburners  (Chapter 
21). 

While  large  volumes  can  be  written  on  the  sub- 
ject of  aeropropulsion  combustion,  the  scope  of 
this  chapter  is  limited  to  highlighting  key  infor- 
mation. The  difficult  task  of  deciding  which 
information  to  include  was  accomplished  by  adhering 
to  the  objective  that  the  reader  be  provided  that 
material  necessary  for  understanding  the  combustion 
system's  operating  principles,  performance  parameters, 
and  limitations.  The  reader  contemplating  aero- 
propulsion combustion  as  an  area  of  specialization 
should  develop  a more  thorough  background  and  is 
referred  to  a number  of  readily  available  texts 
listed  in  the  bibliography  to  this  chapter  (Section 
15.7.1' 

v ombust ion  involve  interdisci pi  inary 
ir  ’oquiring  considerat ion  of  three 

^ topics:  chemistry,  thermo- 

. is  dynamics.  Interrelationships 
se  areas,  shown  schematically  in 
i 1.  J.i,  require  combustion  engineers  and 
scientists  to  develop  a fundamental  understanding 
of  each  topic.  A number  of  sub-topics  in  each  of 
these  areas  have  been  listed  to  further  describe 
the  broad  scope  of  subject  matter  involved.  Each 
of  these  subjects  will  be  addressed  in  this  chapter. 


Figure  15.0.1  The  1 n t e r d i s c i p I i n .i  r y Nature 
f Combustion  Ter  Iino  logy. 


The  inf ormat it'll  to  be  presented  in  this 
chapter  is  organized  inti  five  further  sections. 

As  might  be  expected,  the  first  tliree  consider 
chemistry,  thermodynamics,  and  gas  dynamics.  The 
fourth  involves  discussion  of  combustion 
parameters  of  importance  to  the  combustor 
designer.  Finally,  the  o'nibustion  properties  of 
jet  fuels  are  brieflv  described. 

15.1  CHEMISTRY 

Three  combustion  chemistry  topics  will  be 
discussed  in  this  section.  The  first,  chemical 
reaction  rate,  addresses  fundamental  concepts 
vital  to  all  of  chemical  kinetics.  Important 
dependencies  of  reaction  rate  on  thermodynamic 
conditions,  especially  temperature,  will  be 
addressed.  The  second  topic,  chemical  equilibrium, 
is  of  importance  in  relation  to  the  understanding 
of  and  ability  to  analyze  high  temperature  com- 
bustion systems.  Finally,  the  current  under- 
standing of  practical  hydrc'carbon  fuel  combustion 
chemistry  will  be  reviewed.  Understanding  of  the 
sequence  of  chemical  processes  leading  to  H;0  and 
CO2  production  allows  the  explnnition  of  many 
practical  combustion  characterisi s. 

15.1.1  Reaction  Rate 

One  of  the  most  basic  concepts  01 
chemistry  involves  the  law  of  mass  action  which 
relates  the  rate  of  a reaction,  or  the  time  r.ite 
of  change  of  the  react.mt  species  concentration, 
to  the  concentrations  of  reactive  species.  This 
can  be  illustrated  with  the  use  of  the  following 
generalized  chemical  reaction: 

aA  + bB  cC  + do  (15.1.1) 

In  this  example,  a moles  of  molecule  A combine 
with  b moles  of  molecule  B to  form  c .ir.J  d moles 
of  products  C and  D.  The  reactant  sto ichiomet r ic 
coefficients  of  the  .atomic  balance  equation  (a 
and  b)  are  also  called  the  reaction  "mo  I ecul.ir  i I v’’ . 
The  law  of  mass  action  si.ites  that  the  rate  of 
reaction  is  expected  to  be  proport iona 1 L>>  the 
product  of  the  concent  rat j ons  of  reactant  species 
raised  to  their  respective  sto ichiomet r ic  coeffi- 
cients. For  this  exami)le,  the  rat*'  of  forward 
reaction,  rf,  would  be: 

i-f  ' kf[A]-'[B]'’  (15.1.2) 

The  brackets,  [ ],  correspond  to  the  molar 
concent  rat  ion  (moles/volune)  of  the  m«>  1 1.  vul  r 
species  indicated.  kj  is  the  rate  coefii.ient  fer 
the  forw.ird  ro.ution. 

Ni’te  t h.u  the  late  of  forw.ird  reaction. 
r|:,  could  be  represi-nt  at  i VC  ot  c'ither  rate  ol 
disappearance  of  the  reaitants  A and  B the  rale 
of  fi'rmation  of  produtts  ('  and  I),  Thes*  tour 
rales  are  interrelated  bv  the  stoichr Imetr i ( 
loeffii  ients  .i , b,  e , .md  d . For  exampl*  . if  r^- 
were  representative  the  rale  ot  d i s.ipt'oa  r an*  e 
of  A,  the  lelK'wfnv'-  re  I .it  i onsh  1 ps  wi>ul*l  h<.  v.illd: 
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1 


JLaI 

dt 


= j dLol 

a dt 


k dfal  (■: 

a dt  «i 


dM. 

dt 


The  variable  t represents  Lime. 

There  is  analytical  justification  for  the  ob- 
served reactant  concent  rat  ion  dependencies  of  the 
law  of  mass  action.  An  analysis  based  on  the 
assumption  that  product  formation  can  only  occur 
after  collision  of  reactant  molecules  predicts 
the  same  concentration  dependencies  as  described 
in  Equation  15.1.2,  The  rate  coefficient  in 
Equation  15.1.2,  kf,  appropriately  converts  the 
results  of  collision  theory  to  yield  the  units  of 
reaction  rate.  In  addition,  kf  accounts  for 
reaction  rate  dependencies  due  to  variations  in 
molecular  energy  levels  and  in  the  geometrical 
orientation  of  colliding  molecules. 

For  many  reactions  of  importance  to  combustion 
systems,  kf  is  a strong  function  of  temperature. 

The  temperature  dependence  of  the  molecular  colli- 
sion rate  is  minor  (T^^^)  and  has  only  a small 
influence  on  kf.  The  predominant  temperature 
dependence  is  a result  of  the  necessity  for  molec- 
ular collisions  to  occur  with  sufficient  "force" 
to  overcome  any  energy  barrier  necessary  for 
reactant  molecules  to  undergo  conversion  to  pro- 
ducts. Physically,  the  formation  of  an  activated 
complex  is  assumed  to  be  necessary  for  successful 
conversion  of  colliding  reactants  to  products. 

The  height  of  the  energy  barrier,  the  energy 
necessary  to  form  the  activated  complex,  is  often 
termed  the  activation  energy,  E^.  Not  all  of  the 
colliding  reactant  molecules  will  have  sufficient 
e;.  . gy  and  only  a fraction  of  the  collisions  will 
b juccessful.  Since  molecular  energy  distribution 
can  be  described  by  Boltzman  statistics,  the 
fraction  of  collisions  which  are  successful  is 
exp(-Eaf/RT)  where  R is  the  universal  gas  constant 
and  the  subscript  refers  to  the  forward  reaction. 

The  geometrical  misalignment  of  reactant 
molecules  during  collision  can  also  prevent  con- 
version to  products;  only  a fraction  of  the 
collisions  occurring  with  sufficient  energy  will  be 
successful.  Consideration  of  the  "steric  factor" 
is  a final  necessary  aspect  in  analysis  of  the 
reaction  rate  coefficient.  This  factor  can  be 
thought  of  as  a means  of  compensating  for  colli- 
sional  inefficiencies  due  to  the  peculiarities  of 
geometrical  alignment  necessary  for  successful 
react  Ion . 


An  important  expression  for  reaction  rate  is 
obtained  by  combining  the  reaction  rate  coefficient 
dependencies  discussed  above  with  Equation  15.1.2. 
The  forward  rate  of  the  general  reaction  described 
in  Equation  15.1.1  is: 


'■f 


- llAl 

dt 


= [a]®  [b]*’  Cj(T)‘^exp(-F.^f/RT)  (15.1.4) 

where  includes  the  sterii  factor  and  the 
necessary  constants  to  convert  collision  r.Ke  to 
reaction  rate.  The  strong  exponential  nature  of 
the  reaction  rate  dependence  on  temperature  was 
first  recognized  by  Arrhenius.  Equation  15.1.4 


with  the  pre-ex[)ouent  i.J  1 factor  l.ikeii  as  tempera- 
ture independent  (i.e.,  not  including  the-  T*' 
dependence)  is  called  the  Arrhenius  equation. 
Equation  15.1.4  itself  is  said  to  be  the  modified 
Arrhenius  relat ionship. 

It  siiould  be  noted  that  tlie  rate  depeiideiu  y 
given  by  Equation  15.1.4  is  only  correct  in  cases 
where  the  written  stoichiometric  equation 
represents  the  entire  sequence  of  events  leading 
to  product  formation.  As  will  be  discussed  in 
Section  15.1.3,  combustion  of  a practical  hydro- 
carbon fuel  involves  many  complex  chemical  reac- 
tion steps  before  formation  of  final  products,  CO- 
and  H2O.  In  cases  where  the  sit)ichU»metric 
equation  does  not  describe  the  entire  reaition 
sequence,  the  dependencies  of  the  reaction  rate  on 
reactant  concentration  may  not  correspond  to  the 
molecularity  and  even  fractional  "reactit>n  orders" 
may  be  observed.  Nevertheless,  the  form  of 
Equation  15.1.4  is  valid  for  each  individual 
reaction  step  of  the  complex  sequence. 

15.1.2  Chemical  Equilibrium 

As  a reaction  like  tliat  described  in 
Equation  15.1.1  proceeds,  changes  of  concentration 
with  time  occur  as  Illustrated  in  Figure  15.1.1. 

When  the  concentrations  of  products  C and  I) 
become  significant,  backward  or  reverse  reaction 
(i.e.,  conversion  of  products  back  to  reactants) 
can  become  important.  The  rate  of  backward 
reaction,  rj,,  may  be  analyzed  in  the  same  manner 
as  in  the  case  of  forward  reaction  (Equation  15.1.2) 
to  yield  the  following  relation: 

rb  = [d]^  (15.1.5) 


TIME 


Figiire  15.1.1  Concentration  Variations  During  the 
Course  of  a Reaction. 


In  recognition  of  the  existence  of  both 
forward  and  reverse  reactions,  the  mi're 
appropriate  convention  for  expressing,  iht'  general 
chemical  system  described  in  Equation  13.1.1  is: 

aA  + hR  cC  + dl)  (15.1  .b) 
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Kov.uisc  rt-vorsi*  ri-Jv  t ions  always  exist  to  some 
extent,  eonofiU  rat  ions  ot  A ami  B will  eventually 
deorease  to  some  tinite,  non-xtro  values  suih  that 
rales  ot  torward  inul  reverse  reactions  are  equal. 
These  equilihrium  concen I ra t ions  are  the  asymp- 
totes oi  Figure  lb. 1.1.  Note  that  the  more 
general  case  where  the  reactants  concentrations 
are  not  in  ex.u  t sto ichiomet ric  proportions  has 
been  illustrated  in  Figure  15.1.1  wliich  corresponds 
to  the  situaiii>n  of  a large  excess  of  reactant  A. 

The  equilibrium  concentrations  can  be 
determined  from  Kquations  15.1.2  and  15.1.5.  At 
equilibrium,  tlie  rate  of  disappearance  of  reactant 
iEqu.Jtion  15.1.2)  will  be  entirely  balanced  by  the 
reactant  formation  rate  (Equation  15.1.5).  Con- 
.sequently,  the  equilibrium  condition  is  r^  = r^  or: 

(n.1.7) 


Rearranging  yields  the  following  useful  expression: 


5..  - Lql'ToJ^!  (15.1.8) 

“b  ’ [A]^'  [B]'= 

Because  kf  and  kb  ‘Jre  functions  of  temperature 
only,  Equation  15.1.8  provides  a convenient  means 
of  relating  equilibrium  concentration  to  mixture 
temperature.  The  ratio  kf/kb  is  known  as  the 
equilibrium  constant  based  on  concentration,  . 

An  additional  equilibrium  constant  based  on  mole 
fractions,  Kx»  can  also  be  developed. 


An  even  more  familiar  means  of  character- 
izing equilibrium  involves  the  partial  pressure 
equilibrium  constant,  Kp.  Partial  pressure  is  a 
concept  in  which  the  total  mixture  pressure  is 
envisioned  as  a sum  of  pressure  contributions 
from  each  of  the  mixture  constituents.  The  partial 
pressure  of  each  I'onstituent  is  the  fraction  of 
the  total  pressure  corresponding  to  tlie  mole 
fraction  of  that  compound.  The  equilibrium  con- 
stant defined  in  terms  of  partial  pressure  is: 


K 


P 


(15.1.9) 


where  P^,  p(^,  and  Pj)  are  the  partial  pressures 
of  each  constituent.  By  convention,  these  pres- 
sures are  always  expressed  in  atmospheres  when 
used  in  equilibrium  chemistry  calculations. 

Both  K(.  and  Kp  are  functions  of  temperature 
only.  The  temperature  dependencies  can  be  deduced 
from  Equations  15.1.4  and  15.1.7: 

[a]'*  [b]'’  Cf  A.xp(-E_^j./RT)  = 

['■]'  [l>]‘'  ni’xp  l-i:,,j,/KT)  (15.1.10) 


CO  + 1/2  O.  '■  CO2  (15.1.12) 

11.  + 1/2  0 '•  11;,0  (15.1.1  J) 

Mathematical  treatment  of  these  equilibrium 
relat  ionsliips  is  often  simplified  by  the  use  of 
the  water  gas  reaction: 

CO  + HoO  H + CO^  (15.1.14) 

It  should  be  noted  that  this  is  not  a third 
independent  relationship  but  a linear  combinat  ii  ii 
of  Equations  15.1.12  and  15.1.13.  Partial 
pressure  equilibrium  constants  for  each  <’f  these 
three  reactions  are  illustrated  in  Figure  15.1.2 
(data  from  Reference  15.1  have  been  utilized). 

Note  the  relative  temperature  Insensitivity  of 
the  water  gas  equ i 1 i br i um  con.stant. 
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Figure  15.1.2  Equilibrium  Constants  for  Important 
Dissoc la t ion  Reactions . 


Since  the  maximum  chemical  energy  is 
released  from  a hydrocarbon  fuel  upon  conversion 
to  CO2  and  H2O,  dissociation  of  either  of  these 
products  results  in  a decrease  of  energy 
released.  As  will  be  shown  in  Section  15.2, 
equilibrium  flame  temperature  is  strongly 
influenced  by  dissociation.  Because  of  tlie  temper- 
ature sensitivity  of  the  equilibrium  constants, 
dissociation  is  more  pronounced  at  higher  flame 
temperatures.  Figure  15.1.3  illustrates  the 
effect  of  final  mixture  temperature  on  dissociation 
using  the  example  of  stoichiometric  combustion  of 
a CnH2n  with  air  at  one  atmosphere.  The 

influence  of  final  mixture  temperature  on  CO  and 
H;  concentration  in  the  combustion  product  is 
pronounced . 

15.1.3  Hydrocarbon  Chemistry 


which  can  be  reduced  to: 

Kj,  nr  Kp  ex|.(---  --0  (15.1.11) 

Cl'nsequent  1 y , the  equilibrium  constant  rray  have  a 
strong,  exponential  temperature  dependency. 

In  hydrocarbnn-a ir  combust  ion  nppl teat  ions, 
two  equilibrium  reJation.s  are  of  paramount  Impor- 
tance. They  are  the  d issoc lat ions  of  CO  and  H-O: 


The  sequence  of  events  occurring  during 
combustion  of  a practical  hydrocarbon  fuel  is 
extremely  complex  and  not  understood  in  detail. 
Major  aspects  of  hydrocarbon  combustion  chemistry 
involve  hydrocarbon  pyrolysis  and  partial  oxida- 
tion to  H2  itnd  CO,  chain  branching  reactions 
resulting  in  11;  consumption,  and  CO  oxidation  by 
radicals  generated  during  chain  branching.  Each 
of  these  reaction  steps  is  schematically  illustra- 
ted in  Figure  J5.I.4.  Note  tivat  the  chronology  of 
these  processes  is  schematically  indicated  by  the 


in 
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flow  ot  mass  thr>>ti)ih  tin.  r<.-a<  t ion  st».-|)s. 
prv'voss  is  inct  ividua  I ly  dt'srrilH-J  holuw. 


md  *'xy^',fii  t mu  cni  r ii  i<»n  . i-Ulf]  .•’.in ' s risuli  is: 
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Figure  15.1.3  Equilibrium  CO  and  H2  Concent  rat.  ion 
Dependence  on  Temperature 


Figure  15.1.4  Hydrocarbon  Combustion  Chemistry 
Schemat ic . 


Hj  ^ 5.5..  X 10«i  „ y..  . 

dt  '.H25 


[0. ]exp(-J4,400/KT)  (15. 1 . 15> 

where  concent r. It  ions  are  expressed  in  mules/cc, 

T in  K,  and  F in  .itinospiier«s . The  aitivatien 
energy  of  24,400  is  in  the  units  cal/g  molc^’K. 
Although  this  expression  has  proven  to  be  useful 
in  some  combustion  models,  additional  ettort  is 
required  to  determine  iTiemic.jl  kineti>  differentes 
between  hydrocarbon  fuel  types  and  to  study 
pyrolysis  mechanisms  in  mixtures.  Further,  the 
interface  between  fuel  pyrolysis  and  '.trl>»>n 
particul.ite  formal  ion  requires  additional  study. 


The  products  of  pyrolysis  are  reduced 
state  <ompounds  (RSC).  Oxidation  of  these  species 
is  better  understood  than  tlu-ir  formation.  'Ihe 
important  oxidation  reactions  for  the  reduced- 
state  compounds  are  of  the  general  form: 

RSC  + OR  = OSC  + RH  (15.1.16) 


where  RSC  = 
OR  = 
OSC  = 
RR  = 


reduced-state  compound 
oxidizing  radical 
oxidized-state  compound 
reduc ing  rad ica 1 . 


Tlte  rate  of  oxidation  of  the  KSC  m.iy  be  assui,  .-u 
to  he  given  by  the  appropriate  Arrhenius  controlled 
mechanism. 

While  reactions  of  the  nature  described  by 
Equation  15.1.16  play  a role  in  consuming  the  H2 
formed  during  Che  pyrolysis  process,  many  gross 
characteristics  of  hydrocarbon  combustion  are  a 
result  of  other  chemical  reactions  which  involve 
"chain  branching."  This  type  of  reaction 
sequence  involves  the  production  of  additional 
radical  species  during  the  process.  In  the  case 
of  the  H2  oxidation  process,  the  important 
chain  branching  reactions  are: 

H2  + 0 • H + OH  (15.1.17) 


Pyrolysis  is  the  term  given  to  the  process 
by  which  fuel  molecules  are  broken  into  smaller 
fragments  due  to  excessive  temperature  .ind  partial 
oxid.it  ion.  This  molecular  destruction  is  accom- 
plished during  tile  first  phase  of  the  combustion 
process.  The  predominant  resulting  products  are 
hydrogen  and  carbon  monoxide.  Little  detailed 
information  is  .available  concerning  the  chemistrv 
of  these  processes  for  practical  fuels--large 
hydrocarbons  with  molecular  welglits  of  50  to  200. 

It  is  we  1 1 -recogn i zed  that  hydrocarbon  structure 
and  its  influence  on  the  pyrolysis  chemistry 
.tffe'ts  the  combust  ion  process.  For  example,  low 
ftiel  hydrogen  concentration  leads  to  excessive  car- 
bon particle  formation  in  the  early  stages  of 
combust  ion. 

F.delman  (Ref.  15.2)  has  developed  a single- 
step  quasi-global  model  to  characterize  the  pyroly- 
sis and  partial  oxidation  of  any  practical  hydro- 
carbon fuel.  His  approach  is  to  characterize  the 
kinetics  of  the  numerous  complex  chemical  reactions 
resulting  in  production  of  H,  and  CO  by  a single 
reaction  step.  An  Arrhenius  type  expre.ssion  has 
been  fitted  to  experimental  data  involving  v.iria- 
tlons  in  temperature  and  pressure  as  well  as  fuel 


H + O2  OH  + 0 (15.1  . 18) 

Note  that  in  either  reaction  a single  radical  (0 
or  H)  results  in  the  production  of  two  radicals 
(H  + OH  or  01!  + 0).  This  type  of  reaction  has 
the  potential  of  producing  large  quantities  of 
radical  species.  In  portions  of  the  combustion 
zone  having  high  II2  ci'ncent rat  ion , radical  species 
can  reach  levels  far  in  excess  of  equilibrium. 
During  this  process,  OH  radicals  also  participate 
in  RSC  reactions  (Equation  15.1.16)  to  produce 
H; 0 from  H2- 

Carbon  monoxide  consumption  is  controlled 
by  the  following  RSC  reaction: 

CO  + OH  ► CO,  + H (15.1.19) 

Since  the  activation  energy  of  tlie  reaction 
indicated  by  Equation  15.1.19  is  generally  low 
(only  a few  kcal/g-mole)  the  carbon  monoxide 
oxidation  rate  is  predominantly  influenced  by  OH 
concentration.  As  previously  noted,  this  quantity 
is  controlh  . by  the  chain  branching  mechanism. 
.Nevertheless,  a common  method  of  approximating 
radi'al  concentration  in  a RSC  reaction  involves 


as.sumin^  local  or  partial  eqi  •ibrium.  This  typo 
of  approach  has  boon  nsocl  in  '0  oxidation  studios 
by  Howard  ct  al.  (Rof  15.  i).  Boi-auso  tho  func- 
tional relationship  botwoon  oquil  ibrium  OH  conccMi- 
tration  and  lomporaturo  is  exponential  (Equation 
15.1.11),  an  Arrhenius  like  dependence  can  be 
written  for  a quasi-global  Oj  + CO  reaction  in 
the  presence  of  HO.  Howard,  et  al.  determined: 

- iJ^OOO 

- iCcol  = k^,[Ol][0,]  ’ [lIjO]-  (f)  (15.1.20) 

d t 

where  k is  a constant  = 1.3  x 10^~*  cc/mole  see. 
This  assumption  is  not  necessarily  in  conflict 
with  the  knowledge  chat  higher- than-equi 1 i br ium 
free  radical  concent ra t ions  may  be  produced  by 
the  reactions  of  Equations  15.1.7  and  15.1. IS. 

CO  oxidation  is  much  slower  chan  consumption 
and,  in  non-recirculating  systems,  occurs  pre- 
dominantly after  the  chitin  branching  H2 
reactions  are  largely  complete.  However,  gas 
turbine  combustion  systems  do  employ  recirculation 
and  the  suitability  of  this  assumption  for  that 
application  is  not  straightforward. 

The  production  of  H^O  and  especially  CO? 
through  the  RSC  reactions  described  above  results 
in  the  release  of  a great  deal  of  energy.  Con- 
sequently, the  rate  of  consumption  of  CO  and  the 
predominant  energy  release  rate  are  strongly 
connected.  Experience  has  shown  that  combustion 
characteristics  influenced  by  the  principal  heat 
release  processes  (e.g.  flame  propagation)  are 
correlated  by  considerations  of  Equations  15.1.19 
and  13.1.20.  On  the  other  hand,  those  character- 
istics dependent  on  fuel  breakdown/pyrolysis  (e.g., 
ignition  delay)  are  better  correlated  by  considere- 
tion  of  Equation  15.1.15. 

The  above  discussion  provides  only  a 
simplified  description  of  the  complex  chemistry 
of  hydrocarbon  combustion.  Additional  detailed 
treatment  has  recently  been  undertaken  in  efforts 
to  predict  pollutant  emissions  from  combustion 
systems.  Table  15.1.1  illustrates  one  of  the 
more  complex  schemes  which  has  been  utili^.ed  in 
Reference  15.4. 


15.2 THERMODYNA.MICS 

This  section  is  intended  to  describe  the 
thermodynamic  relationships  of  importance  in 
evaluat  ing  the  effect  of  chemical  energy  release 
in  combustion  systems.  The  first  subsection  high- 
lights application  of  the  first  law  of  thermo- 
dynamics, offers  straightforward  evaluations  of 
flame  temperature  dependencies,  and  describes 
methodology  used  in  calculating  flame  temperature. 
The  second  addresses  important  flame  temperature 
dependencies  in  the  practical  situation  of  jet 
f ue I /air  combust  ion. 


13.2.1 

The  first  law  «>f  t hermcidynam ics , energy 
conservation,  is  an  important  factor  in  any 
analysis  of  tombustion  systems.  Adiabatic, 
flowing,  constant  pressi»re  combustion  systems, 
approximated  by  both  main  burners  and  after- 
burners of  gas  turbines,  can  be  analysed  using 
conservation  of  total  enthalpy.  In  this  case, 
t0t.1l  enthalpv  includes  sensible  (or  thermal), 
•hemlcal,  and  kinetic  contributions. 


TABLE  15.1.1: 


Hydrocarbon  Oxidai ion  Klnei ics 
Scheme  (From  Keferen.  e 15.4) 


(1 

2 

' '^W 

(2) 

C, HyO  + 0 
4 0 

2 

• HO,  + CO  + 1 

Ci) 

V16  ^ 

' H.jCO  + CH.^  ■ 

(A) 

CH^  + 0 • 

H 

2CO  + H 

(5) 

CH.^  + 0^ 

H,C0  + OH 

(6) 

H.jC0  + OH 

- 

H2O  + CO  + H 

(7) 

2H2C0 

(8) 

+ OH 

- 

CH^  + H2CO 

(9) 

CH3  + H, 

- 

CH,  + H 
4 

(10) 

C^H 

2 

+ H, 

(11) 

+ OH 

■* 

CH,  + CO 

(12) 

2H  + M -* 

»2 

+ M 

(13) 

20  + M - 

0. 

+ M 

(lA) 

OH  + H + 

M 

• H2O  + M 

(15) 

H + O2  -> 

OH 

+ 0 

(16) 

0 + H2  - 

OH 

+■  H 

07) 

H + H2O  - 

H 

2 + OH 

(18) 

0 + H^O  - 

2 OH 

(19) 

CO  + OH  ‘ 

CO^  + H 

(20) 

HO2  + M ^ 

H 

+ O2  + M 

(21) 

HO,  + H - 

20H 

where : 


f /a 


u 

.1 


total  enthalpy  (Kcal/kg) 
sensible  enthalpy  (Kcal/kg) 
mass  ratio  of  fuel  to  air 
chemical  energy  (Kcal/kg  fuel) 
flow  velocity  (m/sec) 
mechanical  equiv.ilent  of  heat  * 


418b 


j^ouje 
Kca  1 


M«'St  fremier.tlv,  standard  he.its  of  form.i- 
lioii  are  used  to  determine  the  chemical  eni  rgy 
released  during  a combustion  process.  The 
standard  lie.at  <'f  f ('rmat  i<’r. , hf,  r<.'presenis  the 
energv  addition  noc^-ssary  fer  constant  pressure 
formation  of  a compound  fror.  its  i-lemtius  in 
their  natur.il  state  it  25‘'C.  The  energy  required 
to  acci'mplish  any  re.u  tlon  >an  be  calculated  bv 
a 1 ,;ebra ica  1 I y summing  the  heat  ot  1 err.ii  ie-i 
vont  r i but  i ons  of  prt)dmts  minus  rea.  ants. 
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(Ah  > 


where:  A h j- 

X i 


:si(h,.)i  - Xj  (l.f)j  (15.2.2) 

heat  of  reaction  at  25 C 

stoichiometric  c o e f f i i'  i e n t s 
of  product  c o tn  p (Ml  n cl  s 

s t o i c h i o m e t r i c coefficients 
of  reactant  c o m p o u n d s . 


If  Equation  15.2.2  is  applied  to  a complete  oxida- 
tion process  of  a hydrocarbon  where  all  fuel 
hydrogen  is  converted  to  H2O  and  all  fuel  carbon 
is  converted  to  CO-',  the  heat  of  combustion,  Ah^- , 
will  be  calculated.  Note  that  this  result  is 
normally  a large  negative  value  (i.e.  the  reaction 
is  strongly  exothermic). 


The  amount  of  heat  required  to  accomplish 
a reaction,  Ah^,  is  a function  of  reaction  tempera- 
ture. Heat  required  at  temperature  T,,  ratlu-r 
than  2S^C  would  be: 


■ ^"”r>25‘>C  = 


(‘•sp  - '’sr>Ti  - ('-sp  - ^^>2500  <^5.2.5) 


where  h^p  and  hgj.  are  the  product  and  reactant 
sensible  enthalpies.  Heats  of  combustion  are 
generally  greater  (i.e.  less  energy  is  released) 
as  temperature  is  increased. 


With  the  important  exception  of  the  after- 
burner nozzle,  the  kinetic  contribution  to  total 
enthalpy  in  gas  turbine  combustion  systems  is 
relatively  small.  In  such  a case,  the  relation- 
ship between  the  energy  released  due  to  combustion 
and  the  final  flame  temperature  is: 


where  Cp  is  the  temperature-dependent  specific  heat 
of  the  combustion  products  and  the  heat  of  combus- 
tion at  temperature  is  calculated  using 
Equation  13.2.1.  In  this  flame  temperature 
calculation,  the  heat  generated  in  forming  combu.s- 
tlon  products  at  temperature  Tj  can  be  envisioned 
as  an  energy  source  for  constant  pressure  heating 
of  the  combustion  products  from  T]  to 

The  term  T in  Equation  15.2.1  is  a tempera- 
ture invariant  representation  of  a fuel's  chemical 
energy.  It  may  be  calculated  using  the  following 
relat ionship : 


It  can  be  shown  that  the  soluti-ais  for  Equal  i'-ns 
15.2.5  and  1 5 . 2 . f)  ami  Ktiual  ions  15.2.  i and  15.2-^ 
are  Ideiil  leal  . 


The  case  wlK-re  a hydrocarbon  fiu'l  Is 
completely  reacted  to  C0_  and  results  in  the 

maximum  achievable  fl.ame  temperature,  as  tlie 
maximum  energy  Is  released  upon  form.ition  of  these 
products.  Note  that  this  can  only  he  achieved  for 
a lean  mixture  (i.e.,  more  c<xvgL*n  necess.iry  tlian 
required  for  sto ich iomet r 1 • react  ion) . Conversion 
to  H 0,  CO^ , and  CO  is  often  assumed  for  rich 
mixtures,  as  the  conversion  of  H to  H_  0 is  mucli 
more  rapid  than  (’0  oxidation  (see  Sei  lion  15.1.3) 
The  temperature  that  would  result  if  the  reaction 
Were  complete  is  defined  as  the  "theoretical 
flame  temperature."  Because  of  incomplete 
combustion,  energy  losses,  and  the  effects  of 
CO2  and  H2O  dissociation,  the  theoretical  flame 
temperature  is  never  achieved  in  real  combustion 
systems.  Nevertheless,  consideration  of  this 
simplified  flame  temperature  concept  reveals 
important  trenhs  dictated  by  the  first  law  of 
thermodynamics . 

Equations  15.2.4  and  15. 2. b relate  tempera- 
ture rise  to  heat  release  due  to  combustion.  For 
a given  amount  of  energy  release  it  is  app.irent 
that  the  final  flame  temperature  will  increase 
with  initial  temperature.  Secondly,  since  for 
lean  mixtures  the  heat  released  will  be  propor- 
tional to  the  amouiit  of  fuel  burned  per  mass  of 
mixture,  it  is  implied  that  Tj  will  increase 
directly  with  fuel-air  ratio.  However,  when  the 
mixture  ratio  exceeds  stoichiometric  CO,  and 
possibly  II  and  unburned  fuel,  will  he  present  in 
the  exhaust  products  .and  a decreas  , flame 
temperature  trend  will  result.  Ct  ..j»equent  1 y , 
this  analysis  Indicates  a maximum  fl.me  tempera- 
ture for  stoichiometric  conditions.  These  trends 
are  illustrated  in  Figure  15.2.1.  Rather  than 
considering  fuel-.iir  rati(,  the  equivalence 
ratio,  , has  been  used  in  this  i 1 I ust  rat  i('n  . 
Equivalence  r.u  io  is  the  fuel-air  rati<i  of  con- 
sideration divided  by  the  st  > 'ich  ic'met  r i c fuel-air 
rat io : 


I 1 

^ St  ii'met  r i ■ 


M5.2.7) 


V.ilues  of  <t'  less  than  unitv  correspond  to  le.in 
oper.it  ion  while  those  cri-ater  th.in  unitv  . .*rrespond 
to  rich  ciimbustion. 

Accur.Uo  flame  temper.iturc  predict  ion 
requires  ci'nsldorit  ion  of  dissociation  t'ffeits  and 
vari.ihle  specific  heats.  Iterative  solution  of 
at  lt>ast  four  simultaneous  t>qu.atlons  is  involved. 
The  equations  are: 

.1)  stolchlomet  ri<  chemical  equation  (mass 
and  .itomlc  conservat  Ion) 


‘c^25'U: 


(h. 


- fi  ) . 


(15.2.5) 


b)  energy  conservation 


The  cemcept  of  chemi<'al  energy  in  conjum  tion  with 
Equation  15.2.1  provides  a second  methtvl  for 
determining  fln.U  flame  temperature  (Ref.  15.1). 
0>nservat Ion  of  total  enthalpy,  for  the  case 
where  kinetic  conf  r ibf/t  ions  .ire  negligible, 
results  In  the  following 


express  ion : 

- (15. 2. M 


c)  COt  dlssoci  .it  i('n 
(I)  Il2<’  dissocial  ion. 

Additional  equilibrium  re  1 a t ionsh Ips  mav  he  .uUled 
to  improve  accuracy  and  predict  concent  rat  ions  <*f 
NO,  NO  , 0,  H,  OH,  N,  etc.  Note  further  lliat  the 
water  gas  equilibrium  e<juation  is  usually  sub- 
stituted tor  either  c)  or  d)  to  simplify 
mat  hem.tt  i ca  1 procedures  (see  Section  15.1.2). 
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In  addition,  note  that  dissociation  causes  the 
peak  flame  temperature  to  occur  at  slightly  rich 
condt t ions . 


EQUIVALENCE  RATIO 


Figure  15.2.1:  Theoretical  Flame  Temperature 

Dependence  on  Equivalence  Ratio. 


A number  of  methods  of  solving  these 
equations  arc  practical.  One  technique  involves 
assuming  a flame  temperature  and  calculating 
species  concentrations  using  the  equilibrium 
relationships.  The  values  are  then  used  to  check 
for  balance  of  the  energy  equation.  Additional 
guesses  and  iteration^  a-re  made  till  a temperature 
is  determined  such  that  the  conservation  of  energy 
is  satisfied  within  acceptable  limits. 

Because  of  the  involved  nature  of  these 
calculations,  detailed  tabulated  results  and 
computer  programs  have  been  established  to  assist 
combustion  scientists  and  engineers.  Some  of  the 
early  tabulated  calculations  are  the  subject  of 
Reference  15.5  while  the  most  popular  of  currently 
available  computer  programs  for  this  purpose  is 
described  in  Reference  15.6. 

15.2.2  Important  Flame  Temperature  Dependenc ies 

This  sub-section  presents  calculated 
flame  temperature  results  of  practical  importance 
to  turbine  engine  combustion.  Important  variables 
to  be  exami:  ■‘d  it-c  fuel-air  ratio,  initial 
pressure  and  temperature,  and  mixture  inert 
concentrat Ion. 

The  simplified  relationship  between 
calculated  constant  pressure  adi.ibatii  flame 
temperature  and  mixture  ratio  shown  in  Figure 
15.2.1  is  significantly  altered  when  the  detailed 
effects  of  dissociation  and  specific  heat  varia- 
tions are  included.  This  is  llltiStr.Ued  in 
Figure  15.2.2  which  shows  results  for  «-ombust  It'n 
of  Jet  A with  air  at  800‘^K  ami  25  atm  (representa- 
tive of  modern  combustor  Inlet  conditions  at  100" 
power  operation).  The  difference  between  theoreti- 
cal and  actual  flame  temperature  as  the  mixture 
ratio  approaches  stoichiometric  Is  duo  to  the 
presence*  of  significant  CO  and  H,  concentrat  ions 
at  the  higher  temperatures  (see  Figure  15.1.3). 


Figure  15.2.2:  Effect  of  Equivalence  Ratio  on 

Adiabatic  Flame  Temperature. 


An  understanding  of  the  influences  of 
initial  pressure  and  temperature  on  flame 
temperature  is  important  to  the  combustion 
engineer,  as  testing  is  frequently  accomplished 
at  scaled  operating  conditions.  Figure  15.2.3 
illustrates  the  relationship  between  stoichio- 
metric flame  temperature  and  inlet  temperature  at 
a pressure  of  25  atmospheres  using  Jet  A fuel. 

Note  that  only  one-half  of  an  increase  in  inlet 
temperature  is  translated  to  flame  temperature  at 
these  conditions.  Again,  the  non-linearity  is 
primarily  due  to  the  strong  temperature  dependence 
of  the  equilibrium  constants  for  CO2  and  H2O 
dissociation.  The  effect  of  pressure  is  illustrated 
in  Figure  15.2.4.  An  increase  in  pressure  at 
constant  Initial  temperature  resuHs  in  an  increase 
in  flame  temperature.  This  dependence  can  be 
explained  by  examining  the  form  of  the  H;0  and  CO2 
dissociation  equations.  In  both  cases,  dissocia- 
tion requires  an  Im  .ease  in  the  total  number  of 
moles  of  product.  The  physics  of  the  equilibrium 
process,  as  embodied  in  Equ.itions  15.1.3  and 
15.1.9,  cause  an  Increase  in  pressure  to  result 
In  a shift  to  less  total  moles  of  product  — in 
this  i-.ise  less  dissociation.  The  increased 
amounts  I'f  H O and  Ci\  in  the  combustion  products 
result  in  greater  flame  temperature. 

Conslderai  ion  of  main  combustor  e>^l_t 
temperatures  can  he  som«*wh.ii  simplified  from  the 
> ornplexit  i«'S  I'f  t hi-  toreg.>ing  discussion.  Most  of 
t lu*  variations  Jtscussed  with  respe«:t  to  Figures 
15.2.2  - 15.2.4  occur  .it  the  highest  values  of 
flame  temperature.  Sime  main  burner  <it 
temperatures  .ire  k:ener.illv  heh'W  1750*’K,  the  inlet 
temperittire  .ind  pressure  effects  ot  dissociation 
■xTi-  far  less  pronounied.  Figure  15.2.5  illustrates 
the  re  1 at  i I'nsh  Ip  Vetween  tuel-air  ratio  in«i  total 
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Figure  15.2.5  Combustor  Rxit  Total  Temperature 
for  Jet  A Fuel  and  Arbitrary 
Pressure  (Working  Chart). 


Another  important  factor  influencing 
flame  temperature  is  oxygen  concent  rat  i('n . Tw(> 

Very  important  instances  of  combust  it>n  with  an  0 
conc’ntrat  ion  less  than  that  of  air  are  vital  ti- 
the combustion  engineer.  While  a gas  turbine 
engine  main  burner  encounters  air  with  appri>ximal e Iv 
217!  0^  in  actual  operation  (prehi-ating  being 
accomplished  by  the  compressor),  i€*sting  is 
Siimetimes  conducted  using  vitiated  air  — inlet 
temperature  requirements  are  s.Jtisfied  hv  pre- 
combustion  rather  than  comprtssion  or  indirect 
heating  using  a heat  exchanger.  The  other  verv 
important  example  of  vitiated  combust  i«in  is,  of 
course,  the  afterburner.  In  this  case,  somi*  of 
the  energy  previously  .idded  by  the  compressor  .,i'  ; 
main  burner  combustion  ha.  been  extr.icted  by  thi 
turbine.  Consequently,  temperatures  ir  -loichi-*- 
metric  zones  of  the  main  combustor  signltkantlv 
exceed  maximum  acliievahle  temperatures  within 
the  afterburner. 

A means  of  evaluating  tin-  effect  ot 
vitiati('n  on  flam<>  temperature  is  to  consider 
Oxygen  availability.  Vitiated  combust  ion  is 
characterized  bv  .ibnorm.allv  high  H " and  Cn  . on- 
cenl rat  ions  and  lower  0 concent  rat  Ions . 

Therefore,  the  effeit  of  vltialic-in  is  t ' reduce 
the  amount  of  fuel  p«*r  m.tss  of  mixture  whi.h  c.in 


ho  scoichiomet.‘icaliy  burned;  redftred  fin«il  flame 
temperature  would  !>e  preilicted  by  Equations 
15.2.4  and  15.2.6.  Figure  15.2.6  illustrates  the 
effect  of  reduced  oxygen  concentration  as  a func- 
tion of  the  degree  o'  vitiation.  These  calcula- 
tions were  performed  with  combustor  inlet 
conditions  of  900^K  and  one  atmosphere  pressure, 
values  typical  of  turbine  exit  conditions.  The 
results  include  the  effects  of  dissociation. 


Figure  15.2.6  Effect  of  Vitiation  on  Stoichiometric 
Flame  Temperature. 


1.5 ..'3_  ilAS^  DYNAMICS  AND  DIFFUSION  J’ RjICE S S F^S 

The  influences  of  gas  dynamics  and  diffusion 
of  .aperies  and  heat  on  combustion  .ire  extremely 
.i'piplex.  neither  than  treat  these  involved 
pr«'-esses  in  detail,  this  section  intends  to 
expl.iln  the  impact  of  these  phenomenon  in  turbo- 
propulsion  combu.st  Ion  and  to  outline  the  general 
approaches  uti  M;’ed  to  model  these  processes  in 
turbine  engine  combustion  systems.  The  topics  of 
considerat  (tin  In*  lude  premixed  l.imin.ar  flame 
propagation,  d i f f u.s  ion-cont  ro  I led  combustion, 
effects  of  turbulence  on  combustion  processes,  and 
the  perfectly  stirred  reactor. 


15.1.1  Freni ixed  Lamn) 

Tilt'  simplest  situation  iav'-lving 
simultaneous  Cre.itmenC  oi  . ombus  t i on  and  gas 
dynamics  is  the  premixed  laminar  flame.  In  this 
case,  a reaction  frotit  prtu fetjs  throtjgh  i 
uniform  mixture  of  gaseous  fuel  anu  air  with  a 
constant  prop.igat  i on  speed.  An  .jnalvsis  of  tin 
mass,  momentum,  and  energy  i-onservat  it>n  equati*'ns 
governing  this  case  (called  tlie  Rankine- 
Hugoniot  analysis)  predicts  tw^>  types  of  soluti*ns. 
First,  the  reaction  front  can  proceed  into  the 
unburned  gases  supersonically.  Ihe  velocity  of 
the  burned  gases  witli  respect  to  the  re.icii«ui 
front  can  be  either  sub.sonic  (the  deton.ation  case) 
or  supersonic  (the  supersonic  combustion  case). 
Secondly,  the  reaction  front  can  pr*-.  t-t-d  ini' 
tile  unburned  gases  subsonical  1 y . In  this  case, 
the  burned  gases  must  also  be  subsonic,  a.s  the 
Supersonic  case  would  violate  the  second  law  uf 
tliermodynamics  . Subsonii-  flame  propag,»t  ion  is 
also  called  dcf 'agra t ion . 

While  the  Rankine-Hugoniot  equations 
predict  the  existence  of  def lagrat itm  and  relation- 
ships between  the  properties  of  burned  and 
unburned  gases,  the  analysis  doe.s  tnu  allow 
calculation  of  the  propagation  velocity,  Sj. 
Prediction  of  Sj^  re<{uires  consideration  of  heat 
conduction  and  species  diffusion  a*ri»ss  the 
reaction  front.  The  basic  thermal  tlieorv  of 
Mallard  and  LeChatelier  first  proposed  in  18«3 
results  in  the  following  important  temperature 
dependence : 

exp(-F./2RTj-)  fJ5.3.J) 

This  temperature  rela'Ionship  is  similar  to  that 
for  reaction  mte  (Equatiim  15.1.4)  i-xcept  foi  th* 
factor  of  2 in  the  exponential  denoriiinaior . 
Equation  15.3.1  is  ctmsistent  with  empirical 
flamc'  propagation  dependent  ies  on  fuel  air  ratio 
as  shown  in  Figure  15.3.1;  the  highest  propaga- 
tion velocity  is  at  approximately  / = I , wJu  rt 
Tf  is  at  its  maximum  valut  . 

Variations  in  flame  propagation  rati'  with 
the  hydrocarbon  type.s  of  pr.actic.il  interest  to 
turbopropulsion  combustion  are  not  subst.mtial 
(Ref.  15.8).  Practical  ie^  fuels  wiuihl  be 
expected  to  beiiave  in  a manner  similar  to  tliat  ot 
the  fuels  described  in  Figure  15.3.1.  The 
pressure  dependence  of  fl.ime  propagation  is  not 
straightforward.  In  mixtures  with  burning 
velocities  below  50  f*m/sec,  S[  dev  reuses  witii 
increasing  pressure.  Between  50  and  100  cm/sec 
St  -em.iins  approximatelv  constant. 

100  cm/sec  S|  incre.ises  witti  increasing  pr.-ssun- 
(Ref  15.8). 

Across  the  reaction  front  a siibstanti.i! 
decrease  in  g.is  tiensities  ocenrs.  tlonsequenl  I y , 
mass  conservation  requires  a subsiantiil  imreasi- 
in  velocity.  Tliis  acceler.it  ion  results  at  tin 
expense  of  some  pressure  drop  across  tlu-  i ront . 

The  pressure  drop  is: 


'.here  , is  the  rati"  <'i  initi.il  gas  sptcifii 
heats,  Tj  is  tlie  initial  t em[ier.»t ure  and  • is  tl.i 
speed  of  sound  in  the  inili.il  mixLtiv*  . 
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EQUIVALENCE  RATIO 


Figure  15.3.1  Flame  Velocities  of  Paraffin-Oxygen 
.Mixtures  at  One  Atmosphere  Pressure 
and  Room  Temperature. 


enters  the  combustion  xone  through  a central  tube. 
A laminar  diffusion  flame,  the  shape  of  which  is 
governed  by  the  ratio  of  fuel  to  air  flow,  is 
established  in  the  combustion  zone. 


b.  important  Profiles  at 

Plane  A:  0,  Oxygen  Concentration, 

F,  Fuel  Concentration,  T,  Temperature. 


This  quantity  represents  the  minimum  pressure  drop 
(usually  less  than  H)  a combustion  system  can 

experience  in  order  to  accomplish  a given  energy  Figure  15.3.2  Diffusion  Hame  Characteristics, 

re  1 ease . 


Values  of  laminar  flame  propagation  are 
usually  no  greater  than  5 m/sec.  Since  reference 
velocities  in  modern  combustion  turbine  engine 
systems  are  generally  greater  than  25  m/sec,  lami- 
nar flame  propagation  is  not  considered  a predomi- 
nant mode  of  combustion.  Other  modes  of  combustion 
involving  diffusion  control,  turbulent  mixing,  and 
the  establishment  of  zones  approaching  perfectly 
stirred  reactors  are  necessary. 

1 j.  1.2  D i f fus ion  Controlled  Combustion 

In  many  practical  devices  the  fuel  and  air 
are  not  entirely  premixed  prior  to  combustion.  In 
these  cases,  react  ions  take  place  in  flame  zones 
where  the  Influx  of  oxygen  and  fuel  occur  at  a rate 
corresponil  ing  to  the  stoichiometric  ratio.  In 
laminar  flows,  the  mecTinnism  for  transport  of  fuel 
and  oxygen  lnt<’  these  zones  is  molecular  diffusion 
and  these  types  of  svstem.s  .ire  called  diffu.sfon 
f lames . 


Common  examples  of  laminar  diffusion  flames 
are  the  candle,  a kerosene  lamp,  or  a match;  in 
c>ach  case  the  fuel  and  0.  do  not  premix  prior  to  tiie 
flame.  An  appreciation  for  the  nature  of  diffusion 
flames  may  be  gained  by  examining  the  early  work  of 
Rurke  and  Schumann  (Ref.  15.9)  which  was  published 
in  1928.  Fxperimentally,  th<’y  utilized  a system 
similar  to  th.it  shiTwn  in  Figure  15.  3. 2a.  Fuel 


Burke  and  Schumann’s  analysis  constituted 
the  first  successful  treatment  of  laminar  diffu- 
sion flames,  and  it  continues  to  represent  the 
approach  taken  in  modern  work.  They  modeled  the 
flame  as  an  infinitely  thin  sheet  into  which  fuel 
and  oxygen  flow  in  stoichiometric  proportions. 

All  heat  release  from  chemical  reaction  occurs  at 
this  surface.  This  approach  is  equivalent  to  the 
assumption  that  the  chemical  reactions  are 
infinitely  fast  compared  to  the  diffusion  processes 
which,  therefore,  control  the  burning  rate.  In 
order  to  mathematically  prohibit  an  infinite 
gradient  of  fuel  or  oxygen  at  the  flame  surface 
(which  would  indicate  infinite  flux  Into  the 
surface)  it  is  necessary  to  require  both  fuel  and 
oxygen  concentrations  to  be  zero  .it  the  surface. 
This  concept  of  concentration  and  temperature 
profiles  is  llhistrated  in  Figure  15.3.2b. 

Important  d i f feronce.s  between  pri'mixed  and 
diffusion  flames  center  around  the  existence'  of 
the  flame  sheet.  In  the  case  of  the  pre>mlxed 
flame  witli  no  flame  sheet,  temperatures  .uhleved 
correspond  to  that  for  contant  prcs.suro  combustion 
at  the  premixture  fuel-air  ratio  and  the  burning 
rate  is  controlled  by  tlie  chemical  kinetic  rale 
and  flame  temperature  (Equation  15.3.1).  However, 
In  the  case  of  laminar  diffusion  flames,  combustion 
always  occurs  at  stoichiometric  conditions  at  the 
flame  sheet  and  the  burning  rate  Is  controlled  by 
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molecular  «iittusiou.  Mi'roovcr  , the  t omp*-raturo  .a 
thf  f J amo  Uofs  not  gtMu*rally  corrospoiul  to  the 
premixed  cot^siaiU  prt-ssure  sto  i ch  it'met  r it  flame 
temperature.  Ihe  t iiermodynamies  at  Che  flame  sluet 
are  strtmgly  influenced  hv  the  r.aes  ol  heal  and 
mass  triUisfer  near  the  flame  (i.e.,  mass  and 
temperature  y,radients)  and  are  not  ealculable 
ihrmi^h  the  use  of  a simple  energy  balance. 

The  simplifying  assumption  of  an  infinite 
chemical  reaction  rate  can  be  eliminated  through 
the  utilization  of  a much  more  sophisticated  analy- 
sis. The  primary  effects  of  including  finite 
reaction  rates  are  prediction  of  a flame  of  finite 
thickness,  lesser  gradients  of  concentration  and 
temperature  at  the  fliime,  and  lower  peak  flame 
temperatures.  While  more  accurate  prediction  of 
near-fJame  charact er ist ics  is  achieved  by  the  more 
sophist  icated  analysis,  many  important  properties, 
notably  burning  rate,  are  predicted  nearly  as  well 
with  the  less  elaborate  approach. 

The  instance  in  which  the  classical  thii\- 
flame  theory  of  diffusion  flames  is  of  importance 
to  turbine  combustion  systems  involves  fuel  droplet 
burning.  Wliile  many  combustion  engineers  question 
whether  droplet  combustion  occurs  under  the  high 
temperature  and  turbulent  conditions  characteristic 
of  high  power  operation,  it  would  be  likely  during 
starting  and  idle  operation.  In  this  case,  vapori- 
zation is  caused  by  heat  transfer  from  a flame 
surrounding  the  liquid  droplet,  assumed  to  be  at 
its  boiling  temperature.  The  gaseous  fuel  proceeds 
to  the  flame  and  stoicli iomet r ica  1 ly  reacts  with 
oxygen  diffusing  radially  inward  from  the  surround- 
ings. Analysis  of  this  situation,  similar  to  the 
Burke  and  Schumann  analysis  discussed  above,  results 
in  the  following  burning  rate  prediction: 

= aj  - kt  (15.3.3) 

whore  d is  the  fuel  droplet  diameter  at  time  t,  do 
d at  t = 0,  and  k is  a constant.  This  re  1 at  ions;h i p , 
kni'wn  at  Godsave's  law,  predicts  fuel  efforts  through 
vari-'^L  ions  In  k (Ref.  13.10).  The  Influence  of 
convective  velocity,  air  temperature,  and  oxygen 
concentration  can  also  be  included  in  determination 
oi  'he  value  of  k.  Note  that  this  relationship  is 
also  pplicable  to  droplet  evaporation  without 
combustion,  tht-  difference  being  a smaller  value 
of  k. 

The  foregoing  discussion  addresses  the 
simplified  concept  cf  fuel  droplet  combustion 
wherein  the  process  of  each  individual  droplet  Is 
tssiimetl  to  he  independent  and  the  fuel  is  comprised 
of  a single  hydrocarbon  component.  In  reality, 
the  situation  is  far  more  complex;  droplet  interac- 
ti«’ns  and  rompl  icat  ions  of  multi-component  fuels 
•luse  signlfl«ant  departures  from  the  simplified 
. -i.se  discussed  above  (Ref.  13.11  and  15.12).  The 
• onbust  Ion  engineer  sliould  utilize  empirical 
informal  ii»n  when  av.iilable.  RecetU  data  are 
prisented  In  RtJ.rence  15.12. 

Oi f tusion-cont rol led  combustion  will  also 
. • ur  In  the  cases  where  fuel  tiroplets  have  vap(>r- 
i/ed  but  not  mixed  with  surrounding  air,  thus 
forming  ftiel-rlch  po«-kets,  or  where  the  gases  from 
I rich  primary  zone  mix  with  secondary  air.  Manv 
,if  the  performance  charai  ter i st  ics  of  present  dav 
if’mbustors  confirm  the  existence  and  Lmport.ince  of 
such  processes.  However,  the  diffusion  controlled 
react  ic'ns  In  practical  gas  turbine  combustion 
systems  cannot  be  simply  treated  by  classical  laminar 


diffusltm  flame  theory;  turbulence  effects  are 
extremely  important  and  the  effects  of  turbulent 
dlffusivity  must  be  included.  These  will  be 
discussed  in  the  following  stjbsection. 

15.3.3  Turbul ence  Ef feet  s 

Previous  discussions  of  both  premixed  and 
diffusion  controlled  combustion  have  concentrated 
on  laminar  systems.  In  practice,  however,  the 
presence  of  turbulence  has  an  extremely  important 
influence  on  both  premixed  and  diffusion  controlled 
combust  ion . 

The  r.ite  of  flame  propagation  in  a premixed 
system  is  greatly  enhanced  by  turbulence.  Most 
availal^le  information  on  this  subject  has  been 
developed  to  improve  the  understanding  of  turbulent 
flame  propagation  in  afterburners.  However, 
turbulent  flame  propagation  information  is  currently 
of  additional  importance,  as  low  emission  combustors 
employ  a highly  turbulent  fuel-air  mixing  and 
vaporization  zone  prior  to  combustion  (see  Chapter 
20).  An  important  consideration  in  such  systems 
is  the  possibility  of  "flashback"  or  turbulent 
flame  propagat ion  upstream  to  the  fuel  injection 
po  int . 

Lefebvre  and  Reid  (Ref.  15.13)  have 
reviewed  important  turbulent  flame  propagation 
literature.  The  relationships  shown  in  Table 
15.3.1  have  been  cited  as  representative  of  the 
understanding  of  turbulence  effects.  The 
important  parameters  influencing  turbulent  flame 
propagation,  S-p  are: 

u*  “ the  fluctuating  component  of  gas 
veloc  ity . 

y = parameter  describing  free  stream 

f lame  j^e_nerjUed  turbulence  intensity. 

i.  = turbulence  length  scale. 

Generally  speaking,  the  turbulent  flame  velocity 
can  be  the  order  of  the  turbulent  velocity,  u', 
far  exceeding  Sl. 

Turbulence  also  causes  increased  burning 
rates  In  diffusion  flames  (Ref.  15.18).  Analyses 
for  turbulent  diffusion  flames  are  similar  to  tlie 
laminar  case  but  use  an  artificially  high 
diffusivitv  constant.  Physically,  the  increased 
fuel/air  mixing  is  explained  as  due  to  forced 
mixing  of  small  fuel  lean  c>r  fuel  rich  elements  of 
gas  by  turbulent  forces.  These  small  elements  of 
gas  are  called  eddies.  The  analytical  adiustment, 
called  eddy  diffusivitv,  accounts  for  the  enhanced 
mixing  at  the  reaction  fr('nt.  This  approach  is 
taken  as  a convenience  and  is  based  on  i-mpirical 
correlat ions  rather  than  f undament al  pr i nc ipK-s . 

The  importance  of  turbulence  on  manv 
practical  aspects  of  turbine  engine  combust  ii*n  has 
recently  been  liighlighted  by  Mollor  (Ref.  15.19). 

He  proposes  a simplified  model  for  main  burner 
combustion  in  which  important  processes  are  asstimed 
t('  occur  in  a highly  turbulent  diffusion  flami- 
stablllzi'd  by  a re>- i rcu  lat  i t'n  zone  behind  a bluff 
body  (see  Figure  15.3.3).  His  analysis,  based  on 
characteristic  times  for  turbulent  mixing  and 
chemical  reaction  and  focusing  on  the  sliear  lav.  r 
mixing  zone,  lias  been  shown  to  be  successful  in 
correlating  a number  of  combtjstion  characterist  ics 
ranging  from  exhaust  pollutants  to  stability. 
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TABLE  IS.J.l:  TurhuU-nt  Klami-  Theories  (From  Helercn.*e  15.13). 


invest igator 

Relat ionshlps 

Cone  1 us i ons 

Damkohler  (Ref.  15.14) 

* 

At  high  velocities  tliis 
approaches  Sj  = u’ 

Sj  is  independent  of  turbulence 

Seale.  At  high  velocities  S-]  is 
determined  solely  by  turbulent 
velocity. 

Shchelkin  (Ref.  15.15) 

Sx  S>l['  + (u'/S|)‘]’^ 

At  high  velocities  this  approaches 
St  = u' 

In  agreemnt  with  Damkohler. 

Karlovitz  (Ref.  15.16) 

For  weak  turbulence  Sj  = Sp  + u' 
For  strong  turbulence: 

St  = Sl  + (2Si_ii’)-^ 

Where; 

S.J.  is  independent  of  turbulence 
scale. 

Laminar  flame  speed  is  most 
important  parameter. 

Seurlock  (Ret.  15.17) 

Sx  = Si.[l  + C3(y/»)^]’^ 

Where:  y is  dependent  on  approach 

scream  and  flame  generated  turbulence; 
1 is  Che  turbulence  scale;  is  a 

constant . 

S’!'  is  dependent  on  laminar  flame 
speed  and  turbulence  scale. 

the  rates  and  end  products  of  the  combustion  process. 
Gouldin  (Ref.  15.20)  has  performed  an  analysis 
which  indicates  that  turbulence  is  of  importance 
CO  chemical  reactions  when  turbulent  temperature 
fluctuations  T*  are  such  that: 

-2 

Jl!ii 

_ 7 

(T)^ 

where  the  bars  indicate  average  values.  Table 
15.3.2  indicates  (Ea/RT)”’  for  different  values  of 
and  T.  Turbulence  can  be  expected  to  play  a 
significant  role  in  all  cases  except  those 
involving  low  activation  energies  (<20  Kcal/g  mole) 
and  high  temperatures  ( 2500^'K).  Because  of  die 
obvious  difficulties  in  accompl ishing  temperature 
or  concentration  measurements  on  the  time  and 
length  scales  of  interest  to  this  subject,  only 
limited  empirical  information  is  available  to 
provide  further  explanation  of  this  complex 
phenomena . 

13. 3. -4  Ihrlt-rtls'  Stirred  Reactor 


The  perfe*-tlv  Stirred  rea.  tor  (PSR)  is 
defineil  as  a combust  i«»n  region  in  whii'h  reaiianl 
ami  prodtjrt  C(*ncent  rat  ions  .is  well  as  l fmf)er»l  ure 
are  complelelv  hi’mocene.nis  (Ref.  15.21,  15.22). 

The  tuel-air  mixture  oniirinr.  the  reactor  is 
assunetl  to  he  1 nsl  .int  aneousl  v nixed  with  the  » om- 
hust  it'U  pr«'.lu'ts.  In  print  ipli,  this  inmedi.itely 
in.  reo>«  s iho  temperature  t'f  the  entering  rta.  t.ints 
• i|-  ’•-.•'n.l  till  initial  slate  and  proviiles  a 
stit-st  int  i 1 1 and  .<’nt  inuous  supply  ot  chain  i.irriers 
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(15.3.4) 
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Figure  13.1.  j: 


Simplllied  Representat  ion  of  <i 
Turbine  Ctimbustion  Svslem. 


A final  aspect  of  turbulence  tc'  be  Jiseussed 
here  Involves  Us  effect  on  rhenit.il  reactions, 
huring  fuel-.iir  mixing  as  well  as  in  the  reai  t ion 
^one,  the  indlvfduil  t'irbulent  tddies  « in  hav.- 
widelv  differing  values  of  f«iel-alr  raili*  and 
temper  iture.  Re»  luse  rea.  t Ion  rates  ire  ver%  sen^t- 
tivt  t'*  these  variables  Ucpiifl'n  I'l.l.ii  the 
tiirhulenii  . hire  f er  I si  1.  s .in  st  t on,  i . Inlluen.. 


1 ■>*  1 


TABl.K  Importance  of  iurbu lonce  to  ChoiRi^al 

Keai  lions  — Values  of  (h^'Rfr 


/Real  \ 

T(“K) 

\ g-mo If/ 

1500 

2000 

2500 

10 

.09 

. 16 

.25 

20 

.0225 

.04 

.0625 

40 

.0052 

.01 

.0156 

60 

.0025 

. 0044 

.00694 

80 

.0014 

.0025 

.0039 

whicu  are  of  paramount  importance  to  hydrocarbon 
combustion  (See  Section  15.1.3). 

Reaction  rates  i>er  unit  volume  are  maximized 
in  the  PSR.  Stabilization  characteristics  of 
practical  systems  — primary  zones  of  main  com- 
bustors and  regions  behind  f lameholders  oi  after- 
burners — are  often  modeled  using  PSR  analyses. 

A simplified  veision  ol  the  analysis  presented  in 
Reference  13.22  results  in  the  following  dependence 
of  the  rtjaction  rate  on  key  parameters: 


fxpl-K^/RT^)  (15.  J. 5) 

where:  V = reactor  volume 

m = mass  flow  rate  into  the  reactc'r 
n = total  reaction  order 

Tp  = adiabatic  flame  temperature  for  complete 
react  ion 

Ir  = PSR  temperature 

Tq  * initial  temperature  of  entering 
(unburned)  mixture. 


TEMPERATURE  |‘*K) 


Figure  15.).  4 I'erfectJy  Stirred  Reactor  ()pcralin>’ 
Cond it  ions . 


ti-mperaturo  chemi*al  kinetic  studies.  liquation 
15.3.5  also  indicates  tlie  ber»ficial  effect  of 
higher  values  ot  Ip  on  stabilization.  This  can 
he  achieved  by  higher  initial  mixture  temperaturt 
(as  shown  in  Figure  15. 3. A)  and/or  an  equivalent! 
ratio  closer  to  unity.  Figure  15.3.5  illustrates 
the  depeiidetn  t-  >f  l.u  well-stirred  rea.  ’••r 
:atibility  recion  equivaleiue  ratio.  Consequent  i ■ , 
combustor  designers  sirivt  to  k re.ile  priin.ir\  zo:u 
which  promote  st  abi  1 izai  ion  will*  an  approx  imate  1 v 
s(  *' ich  ii'ntet  r ii  fuel-.iir  mixture  rat  it*. 


Figure  15.3.4  illustrates  the  relationship  between 
mass  burning  rate  and  reactor  temperature.  These 
resul tK  correspond  to  a case  where  n * 2,  K-j  = 40 
Kcal.'c  mole  and  stoichiometric  combust  iiui  of  a fuel 
yielding  Tp  values  of  2550,  2500  and  2400*-’K  for 
Tn  values  of  1000,  800,  and  600‘^K.  Equation  15.5.5 
yields  three  solulikUis  for  any  value  t'f  m/Vp'^  -- 
onlv  the  twc'  highest  Sk»lutlons  are  indicated  in 
Figure  15.3.4,  as  the  lowest  Ip  sohition,  while 
stihle,  is  not  of  pra<ti<jJ  interest  here.  The 
mid-lR  solution  is  also  of  atademic  importance, 
as  it  is  unst.ible.  Consliiering  only  the  liikihesl 
Tp  solution,  the  ana’vsis  indi<ates  th.it  the 
adiabatic  flame  lemper.iture  for  complete  reUktlon 
is  onlv  achteved  at  flow  rates  approaihing,  zero. 
Further,  a niaxlmijm  value  «>}  m/VP^  is  indicated  and 
bl<’W  out  f.s  expeeft'd  iJ  .»  further  ini  reast*  is 
attempted.  Tvplcally,  this  PSR  Mow  <nit  point  is 
imminent  when  the  temperature  rise  above  inlet 
ii'nditii'ns  is  75‘  of  that  cor  respond  I ng  to 
kk'mplete  combust  ion. 

The  exponential  nature  of  re.ii*ti«'n  rates 
(Equation  15.1.4)  i .s  directly  reflected  In 
ifpiation  15.3.5.  For  this  rtMSon,  perfei  tiv  stirred 
reactors  have  been  extensively  utilized  l<’r  hich 
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Fi  lire  J5.).i  Stirred  Ri-ailor  St.il'ililv 
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Kquucion  15.}. 5 can  bt»  rearranged  and 
simplltied  while  maintaining  the  most  Important 
temperature  characteristics  to  yield  the  followinj^ 
relijt  ionship: 


VP*' 


-r:  ,j/KT 

exp 


(J5.  }.b) 


This  relationship  provides  some  {guidance  in 
developing,  .i  parameter  with  which  the  volumetric 
heat  release  of  practical  combustion  systems  may 
be  judged.  FollowinR  the  units  of  Equation  15.3.6 
a specific  heat  release  rate  parameter,  SHRR,  has 
been  established  for  aircraft  >»as  turbine  com- 
bustors with  the  units  of  energy / t ime-pressure- 
volume.  This  topic  is  discussed  further  in  Chapter 
30. 


U_-A  COMBUSTION  j’Ai^Mj-rr^s 

Three  important  combustion  parameters  will 
be  discussed  in  this  section.  Descriptions  of 
combustion  efficiency,  flame  stabilization,  and 
ignition  phenomena  are  included. 

15.4.1  Ct>mbijstion  Efficiency 

Perhaps  the  most  fundamental  of  all  com- 
bustion performance  characteristics  is  the 
combustion  efficiency,  He*  This  parameter  is 
defined  as  the  fraction  of  the  maximum  possible 
energy  which  has  been  released  during  a combustion 
process.  For  the  case  of  constant  pressure 
combustion,  can  be  expressed  as: 


c 


(h 

sp  '2  ideal 


(li 

sp 


(15.4.1) 


An  excellent  approximat ion  of  r?c  t-an  be 
made  by  assuming  that  the  product  specific  heat 
is  independent  of  temperature: 


(T3 

(T,‘ 


^1 ^ actua 1 
Ideal 


(15.4.2) 


In  cases  where  significant  acceleration  occurs 
during  the  combustion  process,  total  enthalpy  or 
temperature  must  be  used  in  Equations  15.4.1  and 
15.  2.  Furtlier,  the  ideal  value  of  T2  in 

Equation  15.4.2  or  (hspl-p^  in  Equation  15.4.1  is 
th.it  corresponding  to  the‘'calculated  equilibrium 
fl.ime  temperature.  Consequently,  the  considera- 
tion of  dlssocI.Ulon  effects  is  vital  when 
temperatures  are  in  excess  of  1650^’K. 


In  cases  where  the  temperature  Is  below 
1650‘*K,  combustion  efficiency  can  be  related  to 
operating  and  fuel  parameters  as  follows: 


V'hc)f 

ll  1-  f/.ll 


(15.4.3) 


where  C„  is  .in  average  specific  heat  and 
Is  the  yuel  he.it  of  combustion. 


In  practice,  can  be  determined  by 
measuring  the  .actual  T2*  This  method,  howi-ver, 
pr«'Sents  some  difficulty  in  rases  where  com- 
bustion ef  f ll.  ienr  ies  are  above  907'.  The  objective 


«.>f  Such  lest  in>’.  usii.iJJy  involves  reduction  ot  the 
remaining  combust  Ion  ineffiiiency  and  relaiivelv 
small  temperature  me.isuremenl  errors  ».in  c.iusi 
large  uncertainties  in  the  determined  i ne  f l i i I etn  •. 
Consequently,  exhaust  gas  analvsis  lias  received 
wide  accept .ini.'e  as  .i  means  ot  more  aicuratt-lv 
determining  comhustitui  inef  f ii‘ iency  . Exhaust 
coni'ent  rat  li>ns  of  spei  ies  containing  chemii'.il 
energy  ( predominant  1 y c-arbon  mom»xide,  unburned 
hydrocarbons,  and  hydrogen)  must  he  determined. 
Inefficiency  mav  then  be  calcul.ited  using  tae 
following  equation. 


1 - 


f / a / • K 'i 

1 + f/.i  ' h 


H5.4.4) 


where  Xj  is  the  mass  fr.u  iion  of  species  i,  -md 
( 'h^^)j  is  the  heal  combust  it>n  (>t  species  i.  !he 
numerator  of  this  expression  represents  the  unused 
chemical  energy  per  mass  of  exhaust  while  t lie 
denominator  represents  the  chemical  energy  per 
nuiss  of  the  initial  fuel-air  mixture. 


Another  common  means  of  expressing  E<iuation 
15.4.4  involves  tlie  use  of  tlie  emission  index, 

El,  which  represents  the  mass  of  CO,  hydrocarbons , 
or  H in  the  exhaust  per  1000  m.iss  units  of  fuel. 
In  this  case  the  equation  reduces  to: 


1 


- 10' ’(.232  ^ 

+ 2.76  F.r^,) 


(15.4.5) 


Note  that  in  cases  where  the  combustion 
te!^;)erature  exceeds  1650‘’K,  Equation  15.4.4  and 
15.4.5  must  be  modified  to  account  for  the  amounts 
of  CO,  liydrocarbons , or  H which  .are  present  due 
to  equilibrium  dissociation.  The  calculated 
combustion  inefficiency  should  correspond  only 
to  that  CO,  hydrocarbon,  or  H which  is  present  at 
concentrations  levels  in  excess  ot  equilibrium. 

15.4.2  Fl.imo  Sta_M_l  izji^tjoji 

Not  all  fuel-air  mixtures  are  capable  of 
supporting  sustainefl  combustion.  The  equil  ivalence 
ratio,  temper.iture,  and  pressure  conditions 
within  whi(h  combustion  can  be  sustained  in  a 
quiescent,  gas-phase  system  are  defined  as  the 
flammability  limits.  Figure  15.4.1  illustrates 
tiio  existence  of  both  fuel  lean  and  fiiel  rich 
limits  for  a kerosene-air  system.  While  these 
limits  are  dependent  on  pressure,  experimental 
configuration,  and  the  existence  of  a quiescent 
system,  the  fundamental  concept  of  flammability 
limits  is  invaluable  as  it  defines  the  widest 
pi’ssible  regimes  of  combustion.  Flammability 
limit  d.ata  for  some  typical  hydrocarbons  are 
indicated  in  Table  15-4.1.  It  is  noted  that 
variations  in  the  limiting  equivalence  ratio  are 
not  subst.int  i.ai  for  t?R*  law  limit,  that  of 
primary  practical  importance  to  the  combustor 
des  igner . 


Fl.immabi  1 i ty  limits  are  sensitive  to 
mixture  temperat  ure.  Correlat ions  have  ind icaled 
the  following  approximate  relationships  belweiui 
the  mixture  equivalence  ratios  for  tlu*  lean  and 
rich  limits  and  /g)  initial  mixture 

temperature  (Ref.  15.21): 

-9.2  X I0'’^(T2  “ r,) 


“ ^1/  ^ 1 ^ 

/r(T2)  - ) 


25  X 10'‘*(T->  - 1,) 


(15.4.7  » 


15-14 


r 


1 


Figure  15.4.1:  Flammability  Characteristic's  for  a 

Kerosene- Type  Fuel  in  Air  at 
Atmospheric  Pressure. 


limits  within  which  combustion  will  be  stable  are 
dependent  on  design  details.  An  example  of  the 
onset  of  instability  in  a premixed  fuel-air 
system  is  found  in  the  stabilization  process  for 
a turbulent  flame  at  the  tip  of  a bunsen  biirnc-r. 
The  blow  off  characteristics  of  such  a system 
have  been  successfully  related  to  the  velocity 
gradient  near  the  bunsen  burner  rim. 

To  reduce  the  possibility  of  instabilities 
in  flowing  premixed  systems,  flameholders  and 
primary  zones  are  often  used.  In  either  case, 
the  stability  of  the  system  is  achieved  by 
creating  a region  of  violent  recirculat ion  and 
thorough  mixing.  Such  a zone  approximates  the 
perfectly  stirred  reactor  (PSR)  which  provides 
maximum  stability  for  a flowing  system.  Fuel 
and  air  flow  distributions  are  intended  to 
provide  a near-stoichiometric  equivalence  ratio 
in  this  region  to  maximize  stability.  In  iminy 
cases,  especially  the  flameholder,  the  portion  of 
the  flow  intercepted  by  the  recirculation  zone 
is  small  and  the  predominant  heat  releasing  com- 
bustion mecfianism  involves  reactions  within  the 

shear  laver  whitli  bounds  the  recirculation  zone 
(see  Figure  15.4.2).  The  PSR  portion  of  the  flow 
can  be  thought  of  as  providing  a continuous  pilot 
to  sustain  the  shear  layer  combustion  region. 
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■^ABLE  15.4.1:  Flammability  Limits  in  Air  at 

Atmospheric  Pressure  and  Room 
lemperature  (From  Ref.  15.23). 


Fuel 

n-Paraf f ins 

Methane 
P ropane 
Butane 
Pentane 
Hexane 
Heptane 
Ootane 
Isopara  f ins 

2, 2- Dime thy  Ip ropane 
2-Methyl pentane 
2 , 2, 4-Tr Imethyl pentane 
2,2,3,  1-Tetramethylpentane 

Olef  ins 

Ftiiene 

Propene 

1-Butene 

Aromnt irs 

Benzene 
To  1 uene 
Ft  hy I benzene 


Equivalence  Ratio 


Lean  Limit 

Rich  Limit 

.53 

1.56 

.53 

2.51 

.60 

2.88 

.58 

3.23 

.55 

3.68 

.63 

3.78 

.60 

— 

54 

2.01 

55 

3.42 

66 

— 

53 

3.45 

45 

6.76 

52 

2.47 

46 

2.94 

50 

2.75 

61 

— 

50 

— 

Suhstant ill  pressure  differences  may  also  be  observed 
if  the  test  runi.alner  is  sufficiently  small  for  wall 
qiien*  ii  re. K t ions  to  be  of  importance. 


Figure  15.4.2  Physical  Processes  in  Flameholding 


Blow  out  of  these  systems  can  be 
envisioned  as  occurring  in  two  phases  (Refs.  15.24 
and  15.25).  First  the  less  stable  shear  layer 
becomes  unable  to  sustain  Itself  as  flow  is 
increased  and  will  extinguish.  As  previously 
implied,  this  results  In  the  elimination  of  the 
predominant  heat  transfer  source  and  causes  the 
combustion  efficiency  to  drop  to  nearly  zero. 

The  rec i rcu lat ion  zone,  being  more  stable,  will 
continue  to  operate  until  (m/VP’^)^.,j^  is  reached 
(see  Figures  15.3.4  and  15.  i. 5)  at  which  time 
this  region  will  also  blow  o\it  . Since  it 
represents  a minor  heat  release  factor,  tliis 
final  blow  out  p«’int  is  of  secondary  interest. 

15.4.3  I^n  1 ^ 


C>ften  a flowing  system  will  not  be  capable 
of  mist  lined  stable  comhustion  under  temperature, 
pressure,  an<l  equiv.ilenie  ratio  conditions  within 
the  f l.immabl  I itv  limits.  In  practical  svstems,  the 


Hv  definition.  Ignition  is  possibly  only 
for  those  fuel-air  mixture  conditions  within 
the  flarmibilitv  limits.  The  entire  region 
within  the  flammability  limits  must  be  further 
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^lividoii  into  two  sub-r*.  y i«'n.s  st-par^iCfU  by  the 
spi'nt.jnc-t’us  ignition  temperature  (SIT).  This 
pirameti-r  is  us  i.illv  determined  usinK  a standardized 
test  pri'i*dure  where  a liquid  fuel  is  dropped  into 
in  I'pen  air  container  heated  to  a known  temperature. 
!he  spontane^nIS  ignition  temperature  is  defined  as 
the  h’Weat  temperature  at  which  visible  or  audible 
evidence  of  combustii>n  is  observed.  Typical 
values  ot  SIT  are  listed  in  Table  15.4.2.  Note 
the  trend  towards  reduced  SIT  as  the  length  of  a 
n-paraffin  chain  is  extended.  Further  the  impact 
of  side  methvl  groups  in  the  case  of  iso-octane  is 
to  increase  SIT  to  a level  consistent  with  an 
n-paraffiii  i-f  much  lower  molecular  weight.  Because 
thest  data  are  specific  to  a particular  experiment, 
direct  usage  of  these  data  as  hazard  criteria  is 
not  tdvisable.  Most  importantly  from  the  combustor 
designer's  standpoir-.t,  SIT  variations  due  to 
pressure  are  sicaif leant.  SIT  decreases  rapidly 
until  ipiT‘’xi:  a t e ly  2 itmospheres  with  apparently 
small  ch-in;.t  s ibt>ve  this  pressure  (15.20). 


.d.E  15.4.2:  Spi>nt  inei'us  Ignition  Temperatures 

(Kroiri  Rt  ference  15.20). 


Q 20 
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S.I.T.  ("KJ^ 


TEMPERATURE  (°K) 


Pr  .'p.mt 
hat  ane 
Pent  ane 
Hex. me 
Hept  ane 
tane 
Si>nane 
Uecane 
Mexadec.ine 
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Above  the  spemtaneous  ignition  temper.ature 
the  key  combustion  characteristic  is  the  ignition 
delay  time.  This  parameter  is  defined  as  the  time 
lag  for  n given  fuel-air  mixture  to  .achieve 
significant  reaction.  Zero  ti'^e  may  be  defined  as 
the  incideni.e  of  initial  mixl.ig  (as  in  a flow 
rea.'tor)  -»r  of  near  Instantaneoiis  heating  (as  in  a 
shock  tube),  '/liili-  there  are  many  ways  to  define 
the  onset  of  significant  reaction  (dT/dt,  ’•T/‘Tmax' 
etc.),  the  important  point  is  that  the  ignition 
del  jv  is  exp('nent  i.illy  related  to  initial  tempera- 
ture , r j : 


i.xp  (F.^/RTj) 


(15.4.8) 


ause  the  ignition  mechanism  is  not  dependent  on 
fin.il  flimv  temp<r.af ure,  t.fgn  not  .strongly 
dep»“ndent  m ml'.tar*  riti-'  within  the  flammability 
limits.  Howt’ver,  a strong  dependence  on  pressure 
is  usii.tliv  ibserved.  Ignition  del-iy  times  for 
tv|.»  il  fuels  are  illustrated  in  Figure  15.4.3. 

Bel.'W  t h»  ,1  'Hi  menus  ignition  temperature, 
r jddUi'in.iI  he  it  snur*i  must  be  utilized  to 
ali.'W  temperatures  t ' I'v.illv  exceed  the  SIT. 
rhe  most  l ommon  mtthod  )r  achieving  this  is  the 
spark  dlsi  barge.  Ihe  nta  essarv  jmount  of  energy 
r.  le..-..e  t‘'  iihieve  Ignition  is  called  the  minimum 
ignlti  m energ.'  (MIK).  ihe  quantity  varies  very 


Figure  15.4.3  Ignition  Delay  Times  for  Practical 
Fuels . 


significantly  with  equivalence  ratio  as  shown  in 
Figure  15.4.4  for  the  case  of  vapor  fuel-air 
mixtures.  It  is  important  to  note  that  the 
minimum  condition  is  not  always  at  a stoichiometric 
mixture  ratio.  For  heavy  fuels  the  minimum  occurs 
closer  to  = 2.  Other  important  variables 
include  Initial  mixture  temperature  and  pressure. 
Finally,  in  tlu  more  pr.actical  case  of  liquid  fuel 
spray-ignition,  the  extent  of  fuel  vaporization  is 
vital  to  ignition  characteristics.  Rao  and 
Lefebvre  (15.27)  have  shown  that  liquid  fuel 
droplet  diameter  has  a powerful  influence  on 
minimum  ignition  energv. 
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Figure  15.4.4  Minimum  Ignition  Knergies 
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15.5.1  Co_nibj,is_t  i_on  Clmracter  t st  ics 

The  most  fundamental  of  all  fuel  charac- 
teristics is  the  heat  of  combustion  or  heating 
value.  This  empirically-determined  parameter 
represents  the  energy  released  per  mass  of  fuel 
upon  complete  combustion  when  both  initial  and 
final  temperatures  are  nearly  25^C.  The  actual 
experiment  involves  a combustion  bomb  pressurized 
with  pure  oxygen  immersed  in  a well  insulated 
water  bath.  The  temperature  rise  of  the  water 
(usually  only  a few  °C)  is  determined  and  the  energy 
necessary  to  cause  this  increase  for  the  entire 
system  is  determined.  This  value,  which  is 
calculated  as  negative  for  exothermic  combustion 
reactions,  is  the  constant  volume  higher  heating 
value. 


Since  the  experiment  is  performed  at  25^C, 
condensed  water  from  the  combustion  products 
within  the  bomb  provides  additional  energy 
release  which  is  included  in  the  constant  volume 
higher  heating  value.  The  measurement  can  be 
corrected  to  yield  the  constant  volume  lower 
heating  value  (Ahc)v  which  corresponds  to  the 
energy  which  would  have  been  released  if  the  water 
in  the  combustion  products  had  remained  in  the 
vapor  phase.  The  constant  pressure  lower  heating 
value  (.'.h4^) , which  has  been  previously  discussed 
in  Section  15.2.1,  then  be  calculated: 

.he  - Uhe)^  = (Hp  - n^)f  (15.5.1) 

where  np  and  np  are  the  number  of  moles  of  gaseous 
products  and  reactant,  T is  initial  or  final 
temperature  (approximately  298°K) , and  J is  the 
mechanical  equivalent  of  heat.  Values  of  and 

heats  of  formation  for  typical  hydrocarbons  and 
jet  fuels  are  shown  in  Table  15.5.1. 

While  heat  of  combustion  differences  among 
hydrocarbons  are  relatively  small,  changes  in 
volatility  are  substantial.  Fuels  can  range  from 
methane  ('boiling  point  of  -16J°C)  to  heavy  liquid 
hydrocarbons  containing  napthalene  (boiling  point 
of  2ll°C).  In  non-aircraft  turbine  applications, 
future  fuel  candidates  include  even  residual  oils 
(which  have  non-volatile  components).  Common 
aircraft  turbine  fuels,  however,  are  a blend  of 
tiumy  hydrocarbons  and  their  volatility  Is  usually 
characterized  by  a distillation  curve  as  shown  in 
Figure  15.5. 1. 

The  chemical  composition  of  common  jet 
fuels  is  extremely  complex.  The  hundreds  of 
hydrocarbon  types  present  are  often  categorized 
into  three  groups,  paraffins,  olefins,  and 
aromatics.  Paraffins  are  the  straight  chain  or 
cyclic  saturated  molecules  like  propane,  butane, 
or  cyclohexane.  These  are  generally  very  clean 
b\irning  fuels  (low  soot  formation).  Olefins  are 
characterized  by  the  presence  of  a carbon-carbon 
double  bond  as  occurs  in  ethylene.  These  compounds 
are  suspected  of  causing  gum  and  stability  problems 
in  jet  fuels.  Aromatics  are  molecules  containing 
unsaturated  ring  structures.  These  may  be  single 
ring  (e-g.  benzene)  or  polycyclic  (e.g.  napthalene) 
in  nature.  The  combustion  of  aromatic  fuels  is 
likely  to  cause  problems  associated  with  carbon 
particle  formation,  flame  radiation  and  exhaust 
smoke . 
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Figure  15.5.1  Distillation  Characteristics  of 
Common  Jet  Fuels. 


A final  important  fuel  charaiCcri st ic  fri'-*;  liu* 
handling,  crash  hazard,  and  tactical  vulnerahi 1 i tv 
standpoints  is  the  flash  point.  This  parameter  is 
empirically  determined  using  a controlled  tenner. i- 
ture  container  partially  filled  with  fuel.  A 
small  flame  is  passed  over  the  fuel /air  mixture. 

The  minimum  temperature  at  which  some  eviden*t' 
of  ignition  is  observed  i.s  defined  as  the  flash 
point.  It  has  been  demonstrated  that  this 
temperature  corresponds  to  conditions  where  the 
equilibriun  vapor/air  mixture  above  the  Liquid 
fuel  is  at  the  lean  flnmnabilitv  limit.  Tills 
characteristic  is  illustrated  in  Figure  15.4.1. 

15.5.2  Common  Jet  Fuc^l^ 

Three  jet  fuel  types  are  in  wide  use 
throughout  the  free  world.  .TP-4  is  the  fuel  used 
by  the  air  forces  of  NATO,  including  the  United 
States.  Jet  B,  a fuel  nearly  identi«'al  to  .lP-4, 
is  used  by  Canadian  commercial  airlines.  These 
fuels  can  be  grossly  represented  as  .i  blend  of 
kerosene  and  gasoline.  The  high  vol.it  i lily  of 
JP-4  results  in  a vapor  pressure  of  about  n.l'  itm 
(2.5  psia)  at  llO^’K  (lOO^'F),  .ind  a flash  point  of 
approximately  -25‘'‘C. 

Jet  A is  the  kerosene-based  fuel  used  bv 
most  of  the  world's  commercial  airlines,  including 
the  United  States.  It  has  .i  much  lower  volatilitv 
than  .IP-4  resulting  in  a flash  fioint  of  ahotii 
52^C.  Because  of  the  reduced  prohabi 1 i tv  of 
post  crash  fires  and  the  reduction  of  ci>mh.it 
vulnt'rahi  1 i ty , the  N.ATO  nation  .lir  forces  .ire 
considering  conversion  to  .IP-8.  This  fuel  is  near- 
ly Identical  to  .let  A-1,  a commercial  fuel  similar 
to  Jet  A in  all  respects  except  freeze  point  C-50‘'C 
versus  -40^C  for  Jet  A).  The  combustion  chir-iri<r- 
istics  of  .JP-8,  .let  A.  and  let  4-1 
ident ica 1 . 

The  unique  problems  associatfd  with  ‘.iiip- 
board  jet  fuel  use  catise  t lu-  I’.S.  Navv  t>'  as«  a 
third  fuel  tvpe,  JP-5,  which  h.js  m even  hivjur 
flash  point 
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TAB[.E  15.5.1:  Htacs  of  Combustion  and  Formation 

(From  Reference  15.1) 


Name 

Formula 

Mole- 

cular 

Weight 

-Ah^ 

Constant  Pressure  Lower 
Heating  Value  (cal/gm) 

Ahf 

Heat  of  Formation 
(cal/gm) 

Methane 

CH4 

16.04 

11,946 

1115 

Ethane 

C2H6 

30.07 

11,342 

739 

Propane 

C3H8 

44.09 

11,072 

563 

n-Butane 

C4H10 

58.12 

10,925 

513 

Isobutane 

CaHio 

58.12 

10,897 

5A1 

n-Pentane 

C5H12 

72.15 

10,744 

573 

n-Hexane 

CeHlA 

86.17 

10,685 

551 

n-Heptane 

C7H16 

100.20 

10,643 

535 

n-Octane 

CgHlS 

114.22 

10,611 

523 

2,2,4-Trimethylpentane 

C8H18 

114.22 

10,592 

5A2 

n- Nonane 

C9H20 

128.25 

10,587 

n- Decane 

C10H22 

142.28 

10,567 

n-Tetradecane 

C14H30 

198.38 

10,515 

n-Hexadecane 

C16H34 

226.43 

10,499 

n-Pentat  riacontane 

C35H72 

492.93 

10,573 

Ethylene 

C2H4 

28.05 

11,264 

-445 

Propylene 

C3H6 

42.08 

10,935 

-116 

Isobutene 

C4H8 

56.10 

10,759 

60 

Oc  tene 

^8^16 

112.21 

10,556 

Cyclopentane 

C5H10 

70.13 

10,458 

Cyclohe.xane 

C6H12 

84.16 

10,376 

Benzene 

^6^6 

78.11 

9,588 

-150 

Toluene 

C7H8 

92.13 

9,680 

-31 

1 -Xylene 

C8H10 

106.16 

9,748 

-55 

Methyl  alcohol 

CH3OH 

32.0 

4,802 

Ethyl  alcohol 

C2H5OH 

46.0 

6,447 

Propyl  alcohol 

C3H7OH 

60.0 

7,388 

Butyl  alcohol 

C4H9OH 

74.1 

7,936 

Acetylene 

C2H2 

26.04 

11,518 

-2,080 

Hydrogen 

H2 

2.016 

28.651 

0 

Carbon  (solid,  graphite) 

C 

12.01 

7,826 

0 

Carbon  (coke)  to  CO2 

c 

12.01 

8,077 

0 

Carbon  (coke)  to  CO 

c 

12.01 

2,467 

0 

Carbon  Monoxide 

CO 

28.01 

2,413 

JP-4 

CH2.02 

10,389 

476 

JP-5 

CH] ,97 

10,277 

4 58 

■IP-8/Jet  A/.Iet  A-1 

™i.9A 

10,333 

428 

The  physical  and  chemical  properties  of  and  the  water  gas  relationship  are  the  primary 

these  fuels  .ire  illustrated  in  Table  15.5.2.  equilibrium  considerations.  Current  understanding 

Yearly  consumption  figures  for  1974  have  also  been  of  hydrocarbon  combustion  has  been  reviewed, 

shown.  This  complex  process  can  be  envisioned  as  a 

sequence  of  events  involving  hydrocarbon  pyrolysis 
and  partial  oxidation  to  H2  and  CO,  chain  branching 
15.6  Sl^tM/\RY  reaction  resulting  in  H2  consumption,  and  CO 

oxidation  by  OH  radicals  generated  during  chain 
This  rh.ipter  has  reviewed  fundamental  branching. 

. nn.  epts  neccssarv  for  the  understanding  of  aero- 

;>r.'pul  s i I'n  combustion.  Two  additional  chapters  Combustion  thermodynamics  involves  relating 

will  consider  the  practical  application  of  this  energv  release  from  fuel  consumption  to  combustion 

jntorm.ition  to  ma Inburners  (Chapter  20)  and  after-  product  effects.  For  constant  pressure  systems,  the 

b-irv* rs  (Chapter  21).  Much  of  this  chapter  has  first  law  of  thermodynamics  implies  conservation 

rtfle-.ted  the  theme  that  the  subject  of  combustion  of  total  enthalpy  across  the  reacting  system. 

Jn.-i'iVfS  interdisciplinary  studv  of  chemistry,  I’sing  tliis  relationship,  definitions  and  nethods 

rf.-rmi- ivn  imli  s,  and  gas  dynamics.  of  c.ilculating  flame  temperature  have  been  offered. 

Theoretical  flame  temperature,  calculated  assuming 
Kev  topics  to  the  study  of  combustion  no  dissociat  ion,  has  been  used  to  explain  the 

henintrv  iff  foutlon  rates,  equilibrium  considcra-  effects  of  initial  temperature,  fuel-air  ratio, 
rlons,  ind  the  mechanisms  of  hydrocarbon-air  fuel  type,  and  extent  of  vitiation.  Methods  of 

. ,--»btist  Ion.  The  Arrhenius  relationship,  which  more  acc\irate  flame  temperature  calculation, 

deSi.rlbes  the  basic  dependencies  of  re.iction  rate  including  dissociation  effects,  have  been  presented 

on  presstire,  temperature,  and  concent  rat  ion , has  and  the  ahove-descr ihed  effects  were  illustrated, 

been  highlighted  and  impact  on  combustion 

systems  has  been  described.  CO2  and  H2O  dissociation 
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TABLE  15.5.2: 

Important 

Jet  Fuel 

Propert les 



JP-8 

(Jet  A-1) 

JP-5 

P roj^  t-rtj 

Spec 
Reqm' t 

Typical 

_Va_ljie_ 

Spec 
Re_^m ' t 

Typical 

Value 

Spec 
Reqm*  t 

Typical 

Value 

Vapor  Pressure  (atm) 
9 38'-’C  (lOO^’F) 

.13  - .2 

. 18 

— 

.007 

- 

.003 

Initial  Boiling  Point 
(‘^O 

-- 

60. 

— 

169. 

— 

182. 

End  Point  (^'c) 

— 

246 

288 

265 

288 

260 

Flash  Point  (^C) 

— 

-25 

>49 

52 

>63 

65 

Aromatic  Content  (%  Vol) 

<25 

12 

<20 

16 

<25 

16 

Ol ef in ic  Content  (%  Vol) 

< 5 

1 

— 

1 

— 

1 

Sa  t u ra  t es  Con  tent 
(Z  Vol) 

— 

87 

— 

83 

— 

83 

Net  Heat  of  Combustion 
(cal/gm) 

>10,222 

10,388 

>10,222 

10,333 

>10,166 

10,277 

Specific  Gravity 

0.751  - 0.802 

.758 

0.755  - 0 

.830  0.810 

0.788  - 0.845 

0.818 

I’.S.  Yearly  Consumption 

5 

12 

1 

(109  Kjl) 


Gas  dynamics  and  diffusion  processes 
affecting  combustion  have  been  described.  Premixed 
laminar  flames  have  been  discus-sed  and  the  dependence 
of  propagation  rate  ot.  temperature  and  especially 
fuel-air  ratio  have  been  highlighted.  In  the  case 
w'here  fuel  and  air  are  not  initially  mixed,  rates 
of  fuel  and  oxygen  diffusion  into  the  flame  region 
control  the  burning  rate.  Key  properties  of 
diffusion  flames  and  methods  of  analyzing  laminar 
systems  have  been  reviewed.  The  impact  of 
turbulence  on  premixed  and  diffusion  flames  has 
been  discussed.  Tn  the  case  of  premxed  systems, 
flame  propagation  rates  are  enhanced.  In  the  case 
of  diffusion  flames,  combustion  zone  mixing  rates 
are  increased,  resulting  in  greater  burning  rates. 
Finally  a model  of  the  ultimate  turbulent  system, 
the  perfectly  stirred  reactor,  has  been  offered. 

I In  this  system,  mixing  rates  are  Instantaneous 

; relative  to  chemical  kinetic  effects  and  uniform 

I temperature  and  species  concentration  exist 

' throughout  the  reactor.  This  perfectly  stirred 

^ reactor  analysis  has  indicated  important  dependencies 

of  such  a system  on  temperature,  mixture  ratio,  and 
^ combustion  kinetics. 


flash  point.  The  properties  of  current  jet  fuels, 
JP-4  (or  Jet  B) , JP-8  (similar  to  Jet  A),  and 
JP-5,  have  been  tabulated. 
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CHAPTER  ?0 


TURBOPROPULSnN  COf-lBUSTION 


20,0  IHTEODUCTION 


The  evolution  of  aircraft  gas  turbine  combustor 
technology  over  the  past  forty  years  has  been  ex- 
tremely impressive.  While  the  combustion  system  was 
the  primary  limitation  in  development  of  the  first 
aircraft  gas  turbine  in  1939  (Ref  20.1),  the  com- 
plexity and  hardware  costs  associated  with  current 
rotating  engine  components  (compressor  and  turbine) 
now  far  exceed  that  of  the  combustion  system.  Re- 
cent developments,  however,  have  once  again  caused 
significant  shifts  in  development  emphasis  toward 
combustion  technology.  New  concepts  and  technology 
improvements  will  be  necessary  to  satisfy  recently 
legislated  exhaust  pollutant  regulations.  Moreover, 
future  emphasis  on  engines  which  can  utilize  fuels 
with  a broader  range  of  characteristics  are  expected 
to  require  additional  combustor  technology  develop- 
ment , 


Beyond  these  externally  imposed  requirements  are 
the  combustion  system  performance  improvements 
necessary  to  keep  pace  with  new  engine  developments. 
Further  reductions  in  combustor  physical  size  and 
weight  are  expected  to  continue  as  firm  require- 
ments. Performance  improvements,  especially  with 
respect  to  engine  thrust/weight  ratio  and  specific 
fuel  consumption,  will  require  higher  combustor 
temperature  rise,  greater  average  turbine  inlet 
temperatures,  and  closer  adherence  to  the  design 
temperature  profile  at  the  turbine  inlet.  High 
performance  designs  must  also  permit  greater  Mach 
number  operation  within  and  around  the  combustor  to 
reduce  pressure  drop  and  minimize  the  physical  size 
of  compressor  exit  diffuser  hardware.  Costs  (both 
initial  and  operating)  must  be  minimized,  as  recent 
experiences  with  high  temperature  engines  have  con- 
firmed the  necessity  to  consider  reliability  and 
maintenance  aspects  of  life  cycle  cost  as  well  as 
performance  and  fuel  consumption. 

The  purpose  of  this  chapter  is  to  introduce  the 
reader  to  the  hardware  aspects  of  aircraft  gas  tur- 
bine main  burners;  fundamental  aspects  have  been 
addressed  in  Chapter  15,  and  afterburners  are  to  be 
discussed  in  Chapter  21.  A number  of  reference  texts 
(Ref  20.2  - 20.6)  have  been  published  which  address 
various  aspects  of  turbopropulsion  combustion  in  a 
detailed  manner.  In  particular,  reference  20.6  cites 
more  than  TOO  reports  and  technical  articles  on  the 
topic  of  turbopropulsion  combustion.  The  balance  of 
this  chapter  will  discuss  the  following  four  topics: 
a)  description  of  various  hardware  types  and  defini- 
tion of  all  terras  of  importance,  b)  review  of  param- 
eters pertinent  to  performance,  c)  discussion  of 
tools  available  to  the  combustor  designer,  and  d) 
review  of  the  future  requirements  of  exhaust  emis- 
sion reduction,  achievement  of  greater  fuel  flex- 
ibility, and  advancement  of  burner  performance. 

20.1  COMBUSTION  SYSTEIi  DESCRIPTION/DEFINITIQHS 

In  order  to  fully  appreciate  and  comprehend 
contemporary  turbopropulsion  combustor  design 
philosophy,  a number  of  general  design  and  per- 
formance terms  must  be  understood.  The  purpose  of 
this  section  is  to  acquaint  the  reader  with  common- 
ly used  combustion  nomenclature  which  will  be  uti- 
lized throughout  this  chapter.  A brief  description 
and/or  definition  of  combustion  system  types,  sizes, 
config’irat ions , and  flow-path  terminology  is  given  In 


the  following  subsections. 

20.1.1  Types 

Turbine  engine  combustors  have  undergone 
continuing  develojiment  over  the  past  iiO  years  re- 
sulting in  the  evolution  of  a variety  of  basic 
combustor  configurations.  Contemporary  combustion 
systems  may  be  broadly  classified  into  one  of  the 
three  types  schematically  illustrated  in  Figu.’-e 
20.1.1. 


Figure  20.1.1  Combustor  Types 


a.  Can : A can  combustion  system  consists 

of  one  or  more  cylindrical  combustors  each  contained 
in  a combustor  case.  In  the  small  T-63  turboshaft 
engine  of  Figure  20.1.2,  a single  combustor  cari  is 
used  while  larger  propulsion  systems  use  a multi- 
can assembly  in  an  arrangement  designed  to  provide 
a continuous  annular  gas  flow  to  the  turbine 
section.  The  combustion  system  of  the  J33  engine 
illustrated  in  Figure  20.1.3  is  representative  of 
such  multican  systems. 


Figure  20.1.2  T63  Turboprop  Engine  With  Can 

Combustor 


tAtXM  OUt'kOW  CO«tU>’0* 


Figure  20.1.U  J79  Cannular  Combustor 


c.  Arjiular:  Most  modern  combustion 

systems  employ  the  annular  design  wherein  a single 
combustor  having  an  annular  cross-section  supplies 
gas  to  the  turbine.  An  example  of  this  combustor 
type,  the  7F39«  is  illustrated  in  Figure  20.1. 5* 

The  improved  combustion  zone  uniformity,  design 
simplicity,  reduced  liner  surface  area,  and  shorter 
system  Length  provided  by  the  common  combustion 
annulus  has  made  the  annular  combustor  the  leading 
contender  for  all  future  prop’ulsion  systems. 


Figure  20.1.6  WR19  Turbofan  Engine 


Figure  20.1.3  J33  Turbojet.  Engine  With  Can 

Combustors 


Figure  20.1.5  TF39  Annular  Combustor 


20.1.2  Size 


Cont«nporary  combustion  systems  may  come 
in  a variety  of  sizes  ranging  from  the  sma.l  2.3  Kg/ 
sec  (5  Ibm/sec)  annular  burner  of  the  WH-10  engine 
(Figure  20.1.6)  to  the  large  110  Kg/sec  (?li2  Ibm/sec) 
annular  combustor  of  the  JT9D  engine  (Figure  20.1.7). 
The  WR-19  combustor  is  approximately  25.^  cm  (10  in) 
in  diameter  and  intended  principally  for  missile 
and  remotely-piloted  vehicle  engine  application 
while  the  JT9D  combustor  is  approximately  91  cm 
(36  in)  in  diameter  and  is  used  in  engines  to  power 
the  wide-body  7^7  and  DC-IQ  class  aircrai*t. 


b.  . i:- : This  cocnbustion  system 

consists  of  a series  of  cyliniricai-conbustors 
arranged  within  a common  annulus — hence,  the 
cannular  name.  This  combustor  type  5s  the  most 
common  in  the  current  aircraft  turbine  engine 
population,  but  is  rapidly  being  replaced  with 
the  annular  type  as  more  modern  engines  comprise 
larger  portions  of  the  fleet.  The  J79  turbojet 
engine  main  combustor,  illustrated  in  Figure  20.1.1*, 
exemplifies  cannular  systems. 


Figure  20.1.7  JT9D  Annular  Combustor 
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?0.  i . 3 Conbust  .>r  Con:'i»: arut  it.rui 


Conbusti^n  sys-«n  t: -irtt  ion  rnuy  also  be 

classifievi  acoor^Unj^  ko  airflow  r.hrouf?,h 

ti.e  ohamber. 

a.  A-xial  Thru-Klow:  The  most  •-•ojnraon  con- 

figuration is  the  axial  thra-fl.  w desutn  where  com- 
busti^.n  air  flows  in  a lirr  -tio!.  ■-.pproxirnateiy 
parallel  to  the  axis  of  the  engine.  The  J?9D 
annular  burner  ill.istrated  in  r'ig’ure  20.1.7  is 
typical  of  an  axial  thru-flow  configurat ion. 

b.  Reverse-Flow,  Folded:  Engines  with 

centrifugal  compressors  often  employ  compact,  re- 
verse flow  combustors.  In  th.ese  combustion  systems, 
air  is  passed  alo.ng  the  outside  of  the  burner  and 
then  turned  to  flow  through  the  combustion  chamber. 
Trie  combustion  gases  are  then  t'Urned  once  again  to 
pass  through  the  turbine.  Hence,  the  air  is  re- 
paired to  make  two  l30°  reversals  in  moving  from 
the  compressor  to  the  turbine.  The  reverse  flow 
configuration  is  often  employed  to  minimize  engine 
length,  especially  in  small  turboshaft  and  turbo- 
fan engines  where  propulsion  system  length  is  an 
important  design  factor.  Figure  20.1.8  illustrates 
the  TFE-731  combustor,  a typical  reverse  flow  con- 
fig’uration. 


Fig'ure  20.1.8  TFE  731  Turbofan  Engine  with 
Reverse-Flow  Combustor 


c .  Radial-Inflow  or  Radial -Outflow; 

The  radial-inflow  and  radial-outflow  combustor  con- 
figurations are  also  well  suited  to  centrifugal 
compressor  prop^ilsion  systems.  The  radial-inflow 
combustor  has  an  outward-oriented  dome  or  head- 
plate  with  combustion  gas  flow  directed  toward 
the  engine  centerline,  while  the  radial-outflow 
configuration  has  an  inward-oriented  dome  with 
the  primary  fl  v dir'^ction  being  away  f.’^om  the 
engine  centerline.  For  example,  the  WR-19  combustor 
illustrated  in  Fig’ii’e  20. 1.^  is  typical  of  compact 
radial -outflow  designs. 


20.1.U  Flvwiath  Termini. I- . 


Thi.s  subsection  will  identify  and  briefly 
describe  basic  airfl  'w  ii  .st  rihut ion  terminology' 
for  a conventional  ''‘onbustor.  Distribution  of  air 
in,  around,  an  i through  the  combustor  results  in 
th<"  four  basic  airfl:  w regl'^ns  illustrated  in 
Figure  20.1.'^.  Effective  contril  --f  *hi.~  air 
distribu*ion  is  vital  the  attairum^n'  of  C'^'mplete 
combustion,  -•*abl#»  'Operation,  c^-rre‘^t  c^*mbustor  ‘■■xit 
temperature  pr^''flle,  an  i acceptable  liner  •‘»mper- 


Cooling  Alt  Air 


Fig‘ure  20.1.9  Main  Comuu=t  .r  Al*"flow  M st rl'n;.*.  li  n 


a.  Primary  Air;  This  ii:  the  -omnust;  ,r.  air 
introduced  through  the  dome  or  .heaupla’.r-  f tr.e  com- 
bustor and  through  the  first  row  '.f  ilner  air  h.ie;:. 
This  air  mixes  with  inco.ming  fuel  proaucing  ■*  n- 
approximately  stoichiometric  tr.ix*ure  necessary  for 
optim'jm  flame  stabilization  and  operativ.n  (see 
discussion  on  combustion  stabil  izati'-*n  in  Section 
15.^  of  Chapter  15). 

b.  Intermediate  Air:  To  complete  the 

reaction  process  and  cons’iine  the  high  levels  of 
primary  zone  CO,  H.  , arid  unturned  fuel.  Intermediate 
air  is  introduced  f^hrough  a second  row  of  liner 
holes.  The  reduced  * mperat-ire  and  excess  air  cause 
GO  and  concentrations  to  decrease  (see  the 
chemical  kine+’c  and  equilitrijr  relationships 
presented  in  Section  15.1  of  C);apter  15). 

c.  Dilition  Air:  In  contemporary  systems, 

a large  quantity  of  dilution  air  is  introduced  at 
the  rear  of  the  combustor  to  cool  the  nigh  tempera- 
ture gases  to  levels  consistent  with  turbine  de.sigr. 
limitations.  The  air  is  carefully  used  to  tailor 
exit  temperature  radial  profile  to  ensure  acceptable 
turbine  durability  and  performance.  This  requires 
.minimum  temperat'ures  at  the  -Jurbine  root  (where 
stresse.s  are  highest)  and  at  the  turbine  tip  (to 
protect  seal  materials).  However,  modern  and  fut'ure 
combustor  exit  temperature  requirements  are  necessi- 
tating increased  combustion  air  in  the  primary  and 
intermediate  zones;  thus,  dilution  zone  air  flow  is 
necessarily  reduced  or  eliminated  to  permit  these 
increases . 

d.  Cooling  Air:  Cooling  air  must  be  used 

to  protect  the  combustor  lin»=‘r  and  dome  from  ■^.he 
high  radiative  an  5 convective  heat  loads  produced 
within  "-he  combu.^^tor.  This  air  is  n'-rmnlly  intro- 
duce! through  the  liner  such  that  a protective 
blanket  or  film,  of  air  is  formed  be^vef^n  the  cor 
bu.stion  gases  and  the  liner  hardware.  Consequer.*  ly , 
this  airflow  shoxil  1 n ■'  direc*ly  affc'''*  the  ''•em.- 
bustier;  process.  A d'^tailed  iiscussion  of  the 
various  design  teohniqvr^r  employed  ••  .1  th-. 
combustor  is  given  in  .O.  -.2.S  » 


20.2.1  Comb'4t-.tl- r.  .'y.-*^r.  >»r.ati]s 

>jrinr  . yeurr,  "!  rr.  i 

engirio  perf-  gains  hav.--  ••‘'•luirr-l  a ivar.'-'-r  s 

in  *;  urb  r : s : i,  • d ..  • i n.  / jvar. r-*ra*»*gi  • 


(20,2.)} 


•t!;i  vtc-M  .-al  ilrTa:’-  .i:  :<i'  tj  i^yst.eru;  i*  Mize 

riM : burnt*!'.!  vL»..  t:»*'  .f»*rH‘.i  r.'i,  riexIMlity  * ■ 

» bro-i  i variut  ; . if.  r ji 

pressur-,  •.ertperu*- ,irv  tit.:  w*.lle  ;*r./v  i i in#; 

an  acc^rtable  exit  t enp-'rat  jre  pT'ot‘il'!  v.t'i  r.ir.ir’.'L't* 
pressxire  loss  un  i n«?sir-pert'er*  .•  1 ui  e:Ti  ' ier:c*y . 

Furt  b.erniore,  .'lea*^  !*ele.*i3e  rates  at.  i >.*  r.r  jstor  tni'.- 
perature  rise  capubi  1 i *■  i**-*  l.avt*  s i.'ni  t'i r^nt  .y  iii- 
c'reased  anl  will  .'.■'n*  i-nue  *.  5 pro^-'ress  •^cvv.'*-!  stoi- 
Jhiometrie  exit  tt*rr.p»*rat  u!*e  con.ii*  ions  . 

A broad  list.  ..d*  ."'r.bustlon  oysten  I'er- 
P.^rtnance  and  desi»;ri  .^b.leotives  is  required  of  all 
ne'«'  coKbustors  as  they  enter  develof^nent . Althoui^h 
this  list  can  be  quite  lengthy,  the  more  important 
requ i refne:;^ s , sor.tf  of  winioh  werv  alluded  to  above, 
are  given  below: 

I erformanoe  Qb.*ec*ives 


Enthalpy  Rise  (Actual) 

^c  .‘Jnthalpy  Rise  (Ideal) 

Temperature  Pise  (Actual)  _ XZ^  ~ ( jq  2^) 

Te.-aperature  Hise  (Ideal)  \ 

'-■h  ■ '3'  i 

v;>^t*re:  Subscrip'*  t represents  the  combustor  exit 

condit ion 


'ik 

(h. 


-O^ia 

h3>  . 


Subscript  d represents  the  combustor 
entrance  condition 

Combustion  efficiency  (n^)  can  also  be  deternined 
from  the  concentration  levels  of  the  various  ex- 
haust products.  A description  of  the  combustion 
efficiency  calculation  based  on  exhaust  product 
chemistry  is  given  in  Section  15.^  of  Chapter  15. 


High  C'jrr.biistion  efficiency  ( lOOC)  at  all 
opera’ ing  conditions. 

Low  overall  syste.m  total  pressure  loss. 

Stable  combustion  at  ail  op'erating 
conditions. 

Reliable  ground- level  ignition  and 
alti*  ; ie  relight  capability. 


resign  Cb.!ectives 

. Miuim.ir.  sice,  weight,  and  cost. 

. Comb’ustor  exit  temperat'ure  profile 

consistent  with  turbine  design  require- 
men*  s . 


Lew  stressed  str’ictures. 

. Effective  hot  parts  cooling  for  long 
life. 

. Cood  mairitainatility  and  reliability. 

. Minim-in  exiiaust  emissions  consistent 
with  current  specified  limitations 
and  regulations. 

A r.-imter  of  these  demands  will  te  discussed  in 
more  ietail  in  the  following  subsections. 

Cn.p.1.1  ronb-ustion  Efficiency:  In  that 

iropulsion  system,  fuel  cons'inptior.  has  a iir^ct 
e‘’fect  on  aircraft  sy.sten  range,  payload  and  opera*  - 
ing  cost,  it  is  imperati-e  that  iesip*n  pcin+  com- 
bistor  efficiency  be  as  close  to  lOOf*  as  pos.^ible. 
^onbusticn  efficiency  at  the  high  power 'high  fuel 
‘or.cjr.pt ijn  cenditiens  of  take-  ff  nnl  cruii-e  ir 
alwa:/3  near  lOO’C  (usually  grea’er  than 
Hev«‘ver,  'ff— i**sign  ef f i v^ien .’v  , par*"  ic'jlarly  a* 
idle.  car.  be  in  t-.e  low  nine’ier-.  V.'ith  ‘’he  ai'.'en’ 

■f  !.'^riical  emission  controls  an  1 limI’a*ion?. 

*his  rarami‘=‘* '-r  beci-tm.es  'f  partic.lar  signifi  *'tr. 
luring  I'W  rc'rf<»r  -'peraticr..  F:r  exum.ple,  ccr.b  l.u 
--:*fi''iencl-'r  a*-  ff-ierign  ''>n  ii‘ i , ;iu.'h  nr 
r.w  exc^'^d  - .••**l.;:’y  Ir.  1 *'».*■  i jr.r.  r. 

••xh.atis*  ‘arben  m-’ncxide  nr.:  unburr.ej  hy  ir  > "n.' . 

As  ii rcu:-.;':"  i in  l.ni.'ier  15,  :'-m.b'i.'*  ior: 
'•ff'cLen'y  'an  i >’  i^flnel  Ir.  a r.  ether  >f  e^i'i*;u. 

!’  ms : 


Cor.bustion  efficiency  can  be  empirically 
correlated  with  several  aerothermodyna.’nic  parameters 
s'uch  as  system  pressure,  temperature,  reference 
velocity  and  temperat-ire  rise.  Two  examples 

of  such  correlations  will  be  discussed  in  20.3.1.1. 

20.2.1.2  Overall  Pressure  Loss:  The  cem- 

bustior.  system,  total  pressure  loss  from,  the  com- 
pressor discharge  to  the  turbine  inlet  is  normally 
expressed  as  a percent  of  coripresscr  discharge 
pressure.  Losses  of  5 - are  typically  encoun- 
tered in  contemporary  systems.  Combustion  system, 
pressure  loss  is  recognized  us  necessary  to  achieve 
certain  design  objectives  (pattern  factor,  effective 
cooling,  etc.),  and  can  also  provide  a stabilizing 
effect  on  comibustor  aerodyna-T.ics . However,  pressure 
loss  also  impacts  engine  thrust  and  specific  fuel 
consumption.  A 1'^  increase  in  pressure  loss  will 
result  in  approximately  a I'*  decrease  in  thrust  and 
a .5  - .T5f  increase  in  specific  fuel  consumption. 
Consequently,  design  goals  for  pressure  loss  repu'e- 
sent  a compromise  among  the  above  factors. 

Overall  pressure  loss  is  thf^  sum 
of  inlet  diffuser  loss,  combustor  dome  and  liner 
loss,  and  m.^'mentum  loss  resulting  from  combustor 
flow  acceleration  attendant  with  increased  gas 
temperature  (see  Chapter  15,  Section  15.3),  Since 
many  aspects  of  combustor  performance  ar*=*  dependent 
on  airflow  turbulence  generated  within  the  cor.- 
bustor  (which  in  turn  depends  on  liner  press'ure 
drop),  rapid  and  com.plete  t'..rning  of  the  fuel  an  i 
air  Is  .-tfv^ngly  influenced  by  the  extent  of 
cure  drop  experienced  as  air  is  introduce!  into 
the  combustion  rone. 

r.bu.'«*  ion  systerri  presr-xre  iro^ 
car.  be  exjressei  In  *e!*ms  ''■f  *hree  different  loss 
t arar.e*  era  : f!*ac*  :•  :.a:  pJ'essure  Irss.  inlet 

velocity  *;ea:l  1 an!  referen-'o  velocity  head  loss. 


• f'-r'-r. r jlar.e 

**e.-?r. 'r. i : r.g  * • T_.  Val  .e- 
!;g.‘  f**' ’•  per 


■.f  r 


a.  rracti'w»nal  Loss — Jvernll  com- 
bustor/ Ufi’user  pressure  loss  is  most  commonly  ex- 
pressed as  the  rr?iotio*;al  loss  del'ineJ  as: 

^ = (20.2.3) 


where  iP  * P.  - P.  = Pressure  Drop  2 

34  j 

Ck 

P = Compressor  discharge  total  pressui'e  = 

^ • 

> 

O 

P,  - Turbine  nozzle  inlet  or  combustor 
exit  total  pressure 

T^iis  loss  generally  increases  with  the  square  of 
the  diffuser  inlet  ?-lach  riumber. 


b.  Inlet  Velocity  Head  Loss — 
This  loss  coefficient  is  given  in  terns  of  inlet 
velocity  head.  It  expresses  losses  in  a manner 
which  accounts  for  the  additional  difficulties  in 
designing  for  minin'um  pressure  loss  as  inlet 
velocities  are  increased.  Inlet  velocity  head 
loss  is  iefined  as: 


AE  = P^  - P^ 

■^3  ‘’3 


(20. 2. U) 


w:iere:  P = ’Tonpressor  discharge  total 

pressui'e 

P,  = Combustor'  exit  total  pressure 


q = Dynamic  pressure  at  the  compres- 
sor discharge 

c .  Reference  Velocity  Head  Loss- 
This  loss  coefficient  is  expressed  in  terns  of 
reference  velocity.  It  represents  a measure  of 
•■he  pressure  loss  normalized  by  a term  which 
accounts  for  difficulties  associated  with  high 
-ombustor  volumetric  flow  rates.  Reference 
velocity  head  loss  is  defined  as: 


(20.2.5) 


P = Compressor  discharge  total 
^ pressure 


P,  “ Comhust'^r  exit  total  pressure 
k 


q = I>/T.amic  ores  sure  corresponding 
^ /o  • 

njA  rf»lat  ionship  between  frac- 
in'*  lo-:'  '-r  -sverall  pressure  loss)  and 
vf'.  nea  i loss  is  shovTt  in  Fis-’ure 

f .r, i '‘C.  f r''f*=*renr*e  Mach  number. 


I•<•r•nc•  V*lo<ily  H*ed 


R«f*r«n<»  Moch  Numb«f 


Figure  20.2.1  Pressure  Loss  "orrela*  I o 


20.2.1.^  Fxit  Tem;'^-ra-  .r»-  ?r 
third  perforr.aiice  jaramete;*  r'.-l^-.:-  ;'  *■ 
ture  uniformity  of  the  ccnbusti  -r. 
enter  the  turbine.  In  or’ler  * *•  ensur-. 
proper  tem.perature  profile  i.;is  beer. 
at  the  combustor  exit,  combur*  1 n 
are  often  measured  by  means  high  * 
thermocouples  or  via  gas  s'-cnpling  tecr, 
ployed  at  the  combustor  exi^  plane.  A 
description  of  the  thernal  field  err '-r 
turbine  both  radially  and  circartifere:.* 
deterained  from  this  data.  A ^im.plifi 
called  pattern  factor  or  peak  tempera' 
may  be  calculated  from  this  exit  ter-.pe 
Pattern  factor  is  defined  as; 

Pattern  Factor  = 'max  ‘avg 


!Iaximum  measure. I vxi* 
ter  perature  {!•  -'al  ' 

Averfige  of  all  /t-ruera*  n' 

'•*xit  plane 

Compressor  discharr-'-  avf’-i'- 


'orjtemr-  "ary  • 'mb':'*  rr  '-xoiVi' 
p>attern  factors  ranging  fr-'m  . ••'i*** 

factor  goals  are  base!  prim.nrily  n 
quirements  of  the  turbine  f i**r‘ - 'u’c  v'l:;**  w.,; 
requires  1<  w gar  ‘■ompern*  urer  -r  / ‘ • ‘ h an 

tin  of  the  turbirg'  — ar»‘rj'  v hig‘i  ' .• 

and  piN’tective  reals  requir'-  ‘ .-'r  gar  ‘em: 

Consequently,  a tat'ern  fa-*  r f 1 r ;■  * ?•<=»- 

quired . Durability  rnriniderat-loi..--  rer.lr*-  -l--^ 
tempera*  ure  rise  •nmbusters  t ;rovii“  .-  I . • r 
*‘xit  ’^er.peratur"  pr  ^^iles  ■ wr'-ST  * : a*  * 

fa''*ors  in  ■*  •>•  t •'  ?’anr»--.  :.*•  v;.' 

*;;a’  ‘ h-'-urh  fn. 1 at.  ‘.m:  ••*  ij.* 

bustor  i^’cign  parfir--*  < -r . It  ■ 

*h^rmal  inpao*  ♦ . * .rl  ani  ' Ir;  . ' o 

fa<-'+,-,r  in  ma'.’liing  * •'■.'mbur*  >r  -iv  : ‘ - • - • 

p-''r.on* . . 


y » .rbin*-  van*-  ' • • * 
r*'  - f * • I'.b'thT*  r ••V  i * 

fi:  M *ri‘i’a.  fa-‘ 


PASSAGE  HEIGHT. 


{•■ilial  pr.-riie  ohurarterist  ics  and  tj.rir  'int'^ndan* 
rvlationship  with  par^prr.  factor.  ?y  jir..'pt*r  con- 
trol of  dilution  air,  the  combastor  cx ; i ter.p^rn- 
ture  field  is  tailored  t.i  give  the  desif-^n  pattern 
factor  arni  radial  profile  consistent  witn  turbine 
re'iuirenents. 


AT  Local /AT  Average 


Figure  20.?.?  Radial  Temperature  Profile  at 
Combustor  Exit 


20.2.  l.i*  Combustion  Stability;  Combustion 
stability  is  defined  as  the  ability  of  the  com- 
bustion process  to  sustain  itself  in  a continuous 
manner.  Stable,  efficient  combustion  can  be  upset 
by  the  fuel-air  mixture  becoming  too  lean  such 
that  temperatures  and  reaction  rates  drop  below  the 
level  necessary  to  effectively  heat  and  vaporize 
the  incoming  fuel  and  air.  Such  a situation  causes 
blowout  of  the  combustion  process.  An  illustration 
of  stability  sensitivity  to  mass  flot^r,  velocity 
and  pressure  characteristics  as  a function  of 
equivalence  ratio  is  given  in  Figure  20.2. 3*  These 
trends  can  be  correlated  with  the  perfectly  stirred 
reactor  theory  described  in  Section  15-3  of  Chapter 
15. 


Fi^ire  20.2.3  Combusti-n  Stability  Character- 
istics 


. iiillllillL'  Ignit.i'vn  ■'■V  a fnel- 

air  mix*  ire  In  a turbine  **ngine  combustor  requires 
in.'--*  fiir  an  I fuel  coniiticns  within  f lanmabi  1 ity 

r.uffi'ient  reci  l^n'-e  tim^  jf  the  p>' ten*  ia’.- 
■y  b irnable  nix*  .re,  and  th^  location  f an 

r.  ur-'e  in  *ne  vicinity  of  *he 
hurnall'-'  mix*  ire.  Ka't  f r:;  ha?  leen 


discussed  from  a fur. iamental  standpoint  in  Ci-ct  i u. 
In.L  of  Chapt(?r  15.  Reliable  ignition  irit/ie  com- 
bustion system  iu  requirei  durir'.g  ground-level 
startup  an  i for  religr.ting  during  altitarre  winu- 
miliing.  The  broad  rat'ige  of  combustor  inlet  tem- 
perature and  press  ire  conditions  encompassed  by 
a typical  igni^  ion/relight  envelope  is  illustrate.': 
in  Figu"*e  20.2.U.  It  is  well  known  that  ignition 
performance  is  improved  by  increases  ii]  combustor 
pressure,  temperature,  fuel-air  ratio,  and  igniti-.;.- 
source  energ;.^.  In  general,  ignition  is  impaired 
by  increases  in  reference  velocity,  poor  fuel 
atomization,  and  lew  fuel  volatility.  A more  ex- 
tensive discussion  of  the  ignition  source  itself 
is  deferred  to  20.2.2.5. 


Figure  20. 2. Ignition/Relight  Envelope 

20.2.1,6  Size,  Weight.  Cost:  The  main 

combustor  of  a turbine  engine,  like  all  other  main 
components  must  be  designed  within  constraints  of 
size,  weight,  and  cost.  The  combustor  diameter  is 
usually  dictated  by  the  engine  casing  envelope 
provided  between  the  compressor  and  turbine  and  is 
never  allov'^d  to  exceed  the  limiting  diameter ‘de- 
fined for  the  engine.  Minimization  of  combustor 
length  allows  reduction  of  engine  bearing  require- 
ments and  permits  substantial  reductions  in  weight 
and  cost.  Advancements  in  design  technology  have 
permitted  major  reductions  in  combustor  length. 

With  the  advent  of  the  annular  combustor  design, 
length  has  been  reduced  by  at  least  50'‘^  when  com- 
pared to  contemporary  cannular  systems. 

'nT.ile  reductions  in  both  size 
and  weight  have  been  realized  in  recent  combustor 
developm.ents,  the  requirement  for  higher  opieratinr 
temperat'ires  has  demanded  the  use  of  stronger, 
higher  temperature  and  more  cos*ly  combustor 
materials  ^to  be  liscussed  in  20.2.2.6).  Never- 
theless, the  cost  of  contemporary  combustion  system.^ 
including  ignition  and  fuel  injection  assemblier 
rem.ains  at  approximately  2 - percent  if  the 
*'tai  engine  cost.  A tabulation  of  the  approximate 
cir/',  weight,  cost  and  capacity  of  some  contemporary 
•ombusti'vr.  systems  is  given  in  Table  20.2.1. 


b 


‘laturaily,  the  final  cost,  of  any  cor 
..ificantly  affeote*!  by  the  level  of 

is  .;ig 
production. 

TA31 

.E  20 . . 1 

Contempiorary 

Combustor  Size, 

Weight,  and 

Cost 

TFJ2 

TF4l 

J70 

.TTOp 

Annular 

Oannular 

Cannular 

Annular 

Can 

y.ass  Flow  [Design  Point) 

Air  Flew,  Ib/sec 

XT'!. 

135. 

162. 

212. 

3.3 

Kg/sec 

Cl. 

71. 

110. 

1.5 

Fuel  Fl'v,  It 'nr 

3,350. 

16,100. 

235. 

Kg.'hr 

5,329. 

-,520. 

3,788. 

7,303. 

107. 

leng*^:.,  in 

20.? 

iC.C 

10.0 

17.3 

9.5 

cm 

S2.C 

12.2 

18.3 

13.9 

2J4.I 

riameter,  in 

33.3 

5.3/21.:* 

S. 5/32.0* 

38.  G 

5.1 

cm 

%.6 

13.5,'0.2 

16.5/81.3 

96-5 

13.7 

V/eijTht,  lb 

202. 

a. 

92. 

217. 

2.2 

hg 

02. 

?9. 

U2. 

98. 

1.0 

Cost , $ 

U2,000. 

17,000. 

11,300. 

80,000. 

710. 

Can  Dianeter/Annulus  Diameter 


20.2.1.?  Durability,  !Ialntaina'bi-lit.y,  Re-» 
liability:  A nrincipai  combustor 


design  objective  is  to  provide  a system  with  suf- 
ficient d'jrability  to  permit  continuous  operation 
until  a scheduled  major  engine  overhaul,  at  which 
time  it  becomes  cost  effective  to  make  necessary- 
repairs  and/or  replacements.  In  the  case  of  the 
main  burner,  durability  is  predominantly  related 
to  the  structural  and  thermal  integrity  of  the 
dome  and  liner.  The  combustor  must  exhibit  good 
oxidation  resistance  and  low  stress  levels  at  all 
operating  conditions  :f  durability  is  to  be  achieved. 


A maintainable  component  is  one 
that  is  easily  accessible,  repairable  and/or  re- 
placeable with  a minimum  of  time,  cost,  and  labor, 
'//bile  most  combustor  liners  can  be  weld  repaired, 
if  damaged  or  burned,  turbine  removal  is  required 
for  replacement  of  combustors  in  many  cases.  Con- 
sequently, a burner  life  consistent  with  the 
planned  engine  overhaul  schedule  is  a primary 
ofcJec!-lve.  Combustor  cases  and  diffuser  sections 
require  minimal  maintenance  and  fuel  nozzles  and 
itfnitors  can  generally  be  replaced  and/or  cleaned 
with  minimal  effort. 


20. p. 1.3  Exhaust  Emissions:  With  the 

advent  of  environmental  regulations  for  aircraft 
propulsion  systems,  the  levels  of  carbon  monoxide, 
unburned  hydrocarbons,  oxides  of  nitrogen,  ar.-.- 
smoke  in  the  engine  exhaust  become  important. 
rJaturally,  the  environmental  constraints  directly 
impact  the  combustion  system--the  principal  so'irce 
of  nearly  all  pollutants  emitted  by  the  engine. 
Malor  changes  to  combustor  design  philosophy  have 
evolved  in  recent  years  to  provide  cleaner  opera- 
tion at  all  conditions  without  serious  compromise 
to  engine  performance.  A detailed  discussion  cf 
the  exhaust  emissions  area  is  offered  in  Section 
20 . U . 1 . 


20.  ^ 


Design  ractors 


The  tui‘bine  engine  combustion  system  con- 
sists of  three  principal  elements — ‘.he  inlet  dif- 
fuser, the  dome  and  snout,  and  the  inner  and  outer 
liners.  In  addition,  two  important  subcomponents 
are  necessary — the  fuel  injector  and  the  ignitor. 
These  elements  are  illustrated  in  Figure  20.2,5. 
This  section  will  describe  each  of  these  items  and 
will  conclude  with  a materials  simmary. 


Reliabilit:-^  can  be  defined  as  th-. 
probability  that  a system  or  subsystem  will  per- 
forms satisfactorily  between  scheduled  maintenance 
and  overhaul  periods,  ’^onponent  reliability  is 
highly  dependent  on  the  aircraft  mission,  geo- 
graphical location,  and  pilot  operation  since  these 
factors  strongly  affect  the  actual  combustor 
temperat’ure-pressure  environment  and  cyclic  history 
of  the  components.  In  that  the  combustor  has  vir- 
tually no  moving  parts,  its  reliability  is  strongly 
related  to  fuel  nozzle  and  ignitor  performance. 
While  Fouling  and  carboning  of  these  subcomponents 
are  common  catises  for  engine  rejection,  these 
problems  are  relatively  easy  to  correct  through 
normal  inspect  and  replace  field  maintenance  pro- 
cedures . 


Figure  20.2.5  '‘ompenent  Identification 
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. ..  ...1  Inlyt  Pi rfuser : Th#*  pure  st*  t' 

the  >r  inlet  'iiffuaer  its  ti;  the  r.ean 

vel.'oity  ’1’  the  air  exiting  the  compre^is* -r  arui  -ie- 
livt-r  it  to  tne  conbusti.:.  ohanber  as  h L;tHble»  uni- 
!'  ra  r:  w fiel  i i-e-.-overiii#?  an  rauch  ot*  the  'ivnarair 
: r»-nr  irt-  as  j\  ssib!e.  ^'oripressor  -iisohar#^e  air 
■.♦•I  -'i*  :.»s  ror.#<e  from  meters  per  second;  con- 

^ l-.f*:.*  i>  . befjr^  *his  hi(tr,  velocity  air  is  allowed 

• vri'er  *n-*  'ompurt. -r , it  raus»  be  diffused  to  levels 

• r..»ir-»vf.*  wi'ri  the  stable,  !>.  w pressure  loss,  high 
"ff;  ’ien*y  requir-^raents  of  c ute.mporary  combustors . 
Aiii'i  t.ally,  tr.is  res’iltiug  flow  field  mu  t be  intro- 
lu  : Lti  a relatively  non-di  storte  i manner  to  ensure 
u.if-.  m f Iv  w iistribution  to  the  combustion  ch^imber. 

The  iiffuser  must  accomplish  this  by  effectively  con- 
trolling bo  u;  lary  layer  grow’ h anu  avoiding  flow 
separation  along  the  iiffuser  walls  while  minimizing 
length  aril  overall  size.  A balance  must  be  found 
betweer;  (a^  designs  with  increased  size  and  com- 
plexity an  1 their  attendant  performance  penalties, 
andCb)  short-length,  rapi  1 diver'gence  designs  which 
have  inherent  flow  non-uniformity  and  separation 
problems.  Hence,  the  inlet  diffuser  represents  a 
design  and  performance  compromise  relative  to  re- 
quired compactness,  low  press’ire  loss  and  good  flow 
uniformity. 


A number  of  performance  parameters 
are  commonly  used  to  describe  a diffuser  and  its 
operation. 


a.  Pressure  Recovery  Coefficient 
;Cp) — Th’s  is  a measure  of 
the  pressure  recovery  efficiens.;  of  the  diffuser 
reflecting  its  ability  to  recover  dynamic  pressure. 
The  coefficient  is  defined  as  the  ratio  of  static 
pressure  rise  to  inlet  d^/namic  head: 


- C 

c 

^Heal 


c.  Kinetic  Knerg^’  Distortion 
Factor  (ot)--This  factor  is 
a measure  of  the  radial  non-urii fonaity  of  the  axial 
flow  velocity  profile.  The  distortion  factor  is 
defined  as; 

Cl  = '(u^/2)updA  (20.2.10) 

a 

(V^/2)VpA 


Where- 


Mean  flow  velocity 


u = Local  axial  velocity 


p = Density 


A = Cross-sectional  area  of  duet 


A factor  of  1.0  is  equivalent  to  a flat  one- 
dimensional velocity  profile  (i.e.  plug  ^.ow); 
turbulent  pipe  flow  has  a factor  of  apprc ximately 

1.1. 


Iii  addition,  a n”.mber  of  design 
parameters  are  often  utilized  to  predict  diffuser 
performance . 


a.  Area  Ratio  (A_) — This  '■  ' 
ratio  of  the  exit  to  inlet  areas  or  the  dif  ;se 
and  defines  the  degree  of  area  change  fra 
particular  design. 


c 

p 

n 

S2 

( ' 

pVi" 

V ‘ 

2g 

Where : 

^S2 

Exit  1 

static  pressure 

"si  = 

Inlet 

static  pressure 

2g 

Inlet 

dynamic  pressure 

For  the  ideal  flow  situation;  i.e.,  full  dynamic 
pressure  recovery,  C can  be  expressed  in  terms 
of  area  ratio:  ^ 


(20.2.8) 


where : A, 


Inlet  cross  sectional  area 


= Fxit  cross  sectional  area 

b .  Pressiire  Recovery  Effect! ve- 
ness— This  parameter  describes 
the  ability  of  a diffuser  design  to  achieve  ideal 
recovery  characteristics.  Hence,  it  is  the  ratio 
of  the  actual  to  the  ideal  pressure  recovery  co- 
efficient : 


b.  uengt}.  ight  Pcf.  ::  — 

This  is  the  rati  .f  diffuser  lengt-.  (eritra:. 
exit)  to  the  eii’rance  or  throat  height  and  er 

as  a sizing  parameter. 

c . Divergence  Half-A..fale  ( 6 ) — 
This  is  equivalent  to  one-half  the  equivalent  cone 
angle  of  the  diffuser  and  describes  the  geometric 
divergence  characteristics  of  the  diffuser  walls. 

Fig-xre  20.2.6  relates  area  ratio,  length-to-height 
ratio  and  divergence  half-angle  to  pressure  re- 
covery effectiveness . 


Figure  2^1. 2. 6 Diffuser  Design  and  Perfomanc** 
Characteristics 
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CURVED  WALL  DIFFUSER 
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DUMP  DIFFUSER 

-.7  uontenporai’v  llffus-^r 

Trie  ierir.n  proceiur'=*s  corjt  '..y 
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The  need  ‘'or  high  j or*' u’r-anci-  in 
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primary,  interme-iiate,  Jilutiori,  'ind  liaer  coolin*? 
air  into  the  combustion  chamber.  Vtiile  combustion 
gas  temperatures  may  be  in  eKcess  ot‘  2500°K,  the 
liner  is  protectrvl  by  a continuous  flow  of  cool 
air  (at  approximately  comprt?ssor  exit  temperature 
levels)  and  maintained  at  tcmpei*atures  less  than 
l.'^00°K, 

The  liner  must  be  designed  with 
hiizh  structural  in*:egrity  to  support  forces  result- 
ing from  pressure  drop  and  must  have  high  tViermal 
resistance  capable  of  continuous  and  cyclic  high 
temperature  operation.  This  is  accomplished 
through  utilization  of  high  strength,  high  tempera- 
ture oxidation-resistant  materials  and  effective 
use  of  cooling  air.  Depending  upon  the  temperature 
i‘ise  requirements  of  the  combustor,  20-50  percent 
of  the  inlet  airflow  may  be  utilized  in  liner 
cooling.  A number  of  cooling  techniques  are 
illustrated  in  Figure  20.2.9* 


lOwvil  COOllO  IIHI* 


Figu.^e  20.2.9  Oonbustor  Cooling  Techniques 

a.  Louver  Cooling — Many  of  the 
early  Jet  engine  combustors  used  a louver  cooling 
tecnnique  in  which  the  liner  was  fabricated  into 
a number  of  cylindrical  panels.  Wlien  assembled, 
the  lin-*r  contained  a series  of  annular  air  passages 
at  the  panel  intersection  points,  the  pan  heights 
of  which  were  maintained  by  simple  wiggle-strip 
louvers.  This  permitted  a film  of  air  to  be  in- 
jected along  the  hot  side  of  each  panel  wall  pro- 
viding a protective  thermal  barrier.  Subson.uent 
injection  downstream  through  remaining  panels 
permitted  "eplenishinent  of  *his  cooling  air  bound- 
ary layer.  LMfortunately , the  louver  cooling  tech- 
nique di  i not  provide  accurate  .metering  of  the  cool- 
ing air  which  resulted  in  ■considerable  cooling 
flow  nonunifomity  with  atteniant  variations  in 
combustor  exit  profiles  ani  severe  metal  tempera- 
ture gradients  along  liner. 

h.  Film  Cooling — This  technique 
is  an  extensi'Ui  of  ‘he  louver  eooiing  technique  but 
with  machined  in,]ecti'>n  holes  instead  f louvers. 
'Consequently,  airfl.w  m»*erir.g  is  more  accurate 
and  unif'>rr.  * hr.'ugh'-'U*  ‘■..te  com.bustion  ehamb-'r. 

Most  curren*.  eombus* 'jCs  us®  ‘hi.s  cooling  * ►•''hniq.ic . 
Ht-wever.  increased  operating  gas  r rtmtera*  ;rei:  of 
f’jtur®  combustors  will  resul‘  in  lens  air  for  ''o^jI- 
ing  and  mcr*'  alvan.'ed  cooling  * «caniqu®s/naterlals 
will  be  required. 


c . Convecti  jn/FI  In  . i i u/l — Th  i 

relatively  rjow  technique^  permits  much  relueea 
cooling  air  flow  (15  - 25  percent)  while  pi'oviding 
hl'h  cooling  effectiveness  and  uniform  metal  tem- 
peratures. It  is  part; -.larly  suited  to  high 
temperature  rise  combustion  systems  where  cooling 
hir  is  at  a premi'im.  The  convect  lotw  film  cooled 
liner  takes  advantage  of  simple  but  controlled  con- 
vection cooling  enhanced  by  roughened  walls  while 
providing  the  protective  boundary  layer  of  cool  air 
at  each  cooling,  panel  discharge  plane.  Although 
somewhat  similar  in  appearance  to  the  i^iver  cooled 
liiier,  the  coni’ectioii/film  coolant  passage  is  sev- 
eral times  greater;  more  accurate  coolant  metering 
is  provided  and  a more  stable  coolant  film  is 
established  a+  the  panel  exit.  Principal  dlsa.j- 
vantages  of  this  design  are  somewhat  neaver  cor.- 
striiction,  increased  manufacturing  complexity 
and  repairability  difficulties. 

d.  Imr ingement/ Film  Cool inr--Thtis 
cooling  technique  is  also  well  suited  to  high 
temperature  rise  combustors.  *Tien  combined  wi^;, 
the  additional  film  cooling  featm-e,  impingemerit 
cooling  provides  for  excellent  thermal  protection 
of  a high  temperature  liner.  Its  disadvantages, 
however,  are  similar  to  those  of  the  f ilm/convec* i cn 
liner — heavier  construction,  msnufactur i ng  com- 
plexity and  repairability  difficulties. 

e.  Transpiration  Cooling — T>;is 
is  the  most  advanced  cooling  scbe.me  available  and 
is  particularly  well-suited  to  future  high  tem.- 
perature  applications.  Cooling  air  flows  thr:..igh 
a porous  liner  material,  uniformly  removing  hear 
from  the  liners  while  providing  an  excellent  thermal 
barrier  to  high  combustion  gas  temperatures.  Both 
porous  (regimesh  and  rolloy)  and  fabricated 
porous  transpiring  materials  ( Lamilloy** ) have  bee:; 
examined  experimentally . Fabricated  porous  materials 
tend  to  alleviate  plugging  and  contamination  prob- 
lems, inherent  disadvantages  of  the  more  convention- 
al porous  materials. 

Figure  20.2.10  showr*  the  axial 
thei'mal  gradient  ch.aracteri sties  of  each  of  the 
liner  designs  discussed  above  as  a function  •■f 
r^'l-ative  liner  length.  As  can  be  seen,  transpir;-.- 
tion  cooling  offer’s  better  temperature  ''"ntrol 
and  uniformity  than  any  other  cooling  techniau®. 

20.2.2. U Fuel  Injection — Basically  four 
metliods  of  fuel  introduction  are  currently  used  -r 
pr'Oposed  for  future  use.  Those  technique;'--pr’es- 
sure  atomizing,  air  blast,  vaporizing,  and  pr’emix/ 

T "•-vaporizing— are  liscussed  bel -w  in  increasing 
order  of  romr'lcxit.v . is  UIuetrTe.i 

in  Figure  20.2.11 . 

a.  Pressure  Atomiring — Mvoru  con- 
temporary combustion  systems  us®  pressure  atcmizir.g 
fuel  injectors.  They  are  relatively  simple  in  con- 
struction, provide  a broad  flow'  range  and  caji  provide 
eX'*ellent  fuel  atomir.ation  when  fuel  system  pres- 
sures are  high.  A typical  pressure  atomizing  fuel 
injector  is  illustrat.ed  in  Figure  20.2.12.  At  least 
five  different  design  con®®pts  ;'r  variatic-ns  arc 
included  in  this  cate^.-vy;  simplex,  duplex,  dual 
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•»'  n:  ::*i' The  sll/i^jer  iesi^ii,  u'lthou/'h  a pres- 

is  very  I’ron  the  ••on- 

v:.*  i in  that  the  r'uel  is  injected 
r)."  -;f*h  oni?ui  holes  in  the  rotatirtt  t irbine  shaft. 

cei.*  r i I'af^al  forces  irnparte-i  * ■>  the  fuel 
rr 'Vide  at . .ni  ::at  ion.  Siinger  systems  are  used  in 
;}evc*r*il  a^all  en>^inc-  onibustors — the  ’rtRl")  .-f 
Figure  C'0.1.6  is  one  such  system.  The  principal 
iisaJvantaj;es  of  the  pressure  atomizing  systems  are 
tr>e  tr  jpensity  for  fuel  system  leaks  due  to  the 
inherently  high  fuel  pressures  require'!,  potential 
pi  i-ving  ■’■f  the  small  fuel  orifices  oy  cor:'^ 'iminants 
•*r.trainei  in  ^ he  fuel,  and  increased  difficulty  iti 
H''hievir.*r  I w sm:iKe  levels  fuel  system  preu- 

arc  hcw. 
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rip:ure  20-l.^.IO  liner  'Tooling  Tjiaracteristics 


b.  Airblast--A  number  of  nosiern 

combustor  designs  achieve  f lel  atomization  and 
nixing  through  use  of  primary  zone  air  momentum. 
Strong  swirling  motion,  often  accompanied  by  a 
second  counter  swirl,  causes  high  gas  dynamic 
sr:<'a"  forces  to  atomize  liquid  fuel  and  pronio*e 
mixing.  Low  fuel  injection  pressures  (50  - 200 
psi  above  combustor  prerr  ire)  are  utilized  in 
these  s'hemes.  /irkalla  and  i.efe'uvr^  (^of  , 

’-'i.d)  ic.icrihe  alrblast  atomiz»‘r  rjpray  character- 
istics relative  ^ air  and  liquid  pr-'pc-rty  in- 

fl  sence*.  In  ni'iition,  tne  devolopmen*  ‘'f  a 
-•p**''ifi'’  airr’'iM*  for  gar  ‘urbine  ar>pli'-a- 

ti  -r.  in  iis''Uo.i"  1 in  P»^f''rence  .V  . 1 . 

c.  Vaporizing:  A rcjnber  of 

var  rizing  f-iel  in.!oction  systems  have  ;.e''*n  de- 

! ; pcr;apn  ‘he  nw.’.v  common  i •'  ‘‘he  'canly- 
•ane”  vavorizer.  In  tuis  iesigr.,  f .el  and  air 
are  iu*-'’'!  in*  - a ■*an«— shaped  * ube  i:am»Tse  1 ir; 


t:.L*  cr.busticn  zone.  During  oparati  u.,  r.r.e  neat 
tranrferr'ei  from  ■*  !ie  combusti'''n  regiofi  nartia.l/ 
vajri'izea  the  irp’orning  fiel,  wr.ile  the  iiquii/vapnr 
!’ucl  within  the  tube  provider,  tr.ej-m.ai  protection 
l'->r  the  tube.  It  is  generally  agree.i,  h wever,  tna* 
i'uel  vaporization  is  very  much  incomplete  in  this 
type  vaporizer  and  is  considered  by  marjy  t.>  be  merely 
an  extension  of  the  airblast  principles  iescritej 
above.  This  design  is  simple  in  cunstruction,  in- 
expensive, anu  can  operate  with  low  fuel  injection 
pressures.  The  resultant  fuei-air  m.ixture  burns 
with  low  flame  radiation  reducing  liner  heat  loads. 
This  design,  however,  has  certain  serious  short- 
cumings:  poor  ignition  and  lean  blowout  character- 

istics, vaporizer  tube  durability  p-roblems  during 
l.w  fu»=*l  flows,  and  slow  lystem  response  time. 


VAPORIZING 


’ igure  20.2.11  Fuel  Injection  Methods 
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advent  o:’  T-irl:::.  -r;  r-^v’ i ■ .ia:j  r--- 

in  iru-reasei  ir.rt-:vs’  in  {':‘tr:’.i:<.  t nevait*  rir.inf?: 
t’uel  inject:.::..  In  tnid  i.'  intrc- 

i-ioed  and  nrernixe.i  vit:.  ’he  : *iir  pri'-r  to 

i:it  roiitie’ i 'n  to  tlie  cC'Ciluot  none.  ?.he  iesig;:. 
intent  is  t.’  pyjviie  a »r.irorr.,  low  e-mivalt-nce 
rati'  , fully  mixei  fiell  ..'f  vaporinei  fuel  in  the 
oorjrustion  region.  As  a result,  !■  w ninoke  ur.d 
-•her.iral  err.issio.ns,  ..  ,'v  flarr.e  raJiation,  improved 
fuel-air  uniformity  in  the  combustion  reg’ion  and 
virtual  elimir;ati..:-.  :>f  hot-.-:r.-t  bui-ning  ’.■curs. 
Potential  tr^-blem  areas  vi’h  ’■his  system  incLu.ie 
incomplete  fuel  vapor!  .v*.’-.  i lunger  -'f  flashbacit 
throligh  or  auto  ignltio.n  the  fuel-air  pre- 
mixture upstrear.  of  ti.e  coinVu.'* ‘.r  dome  plate  with 
resulting  damage  to  ■*’he  n rmb'.ist.r  r.ardware,  poor 
lean  blow,  m charao’- eris*  ios , an  i iif*'icu.’‘  v with 
ignition  and  altltiS''-  .»-elight.  ctaged  combustion, 
■i*ilir.lr*g  a j il  •••  ocne  with  a relatively  eunven- 
tional  stoichior.et  ri.‘  iesign,  is  often  proposed  as 
a m.etht- 1 <‘if  : ver*.  r.ing  statiLi’y  a:.:  igi'.i’i'jn  ■iif- 
f i^ult  ies . 

1 g r ! *-  : r ; lgiiiti-.>n  ;f  the  i 
!*low'ing  f'uel-air  mixture  -'ar.  be  a major  • 'mbustor 
i.'sign  problem.  IJearly  'll:,  c r.ver.tl  rotl  r '.mbustors 
are  igr.i’‘ed  t.v  a simtle  sr-'irk-’.ypv  igr.iter  o-imilar 
to  ^he  aut  :r.  ive  uru;’k  ni’ir.  'Turtin-,-  engine  :•*- 
nition  energies  .are  'y:  : •••.i’.y  ••  *■  1 J'.>il»*s  wi**. 

several  -’'.ousan'i  V'’’-.:  ■’*  ‘t--  plum  tip*  Figure 
.1'^  illiistmtes  fi  ty:  I ‘al  .'parK  ‘■ype  igni’-r. 


Cooling  Hol*s 
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must  be  h-.'icr;'-;  • L;.s  o’'-  .'••ij  I ^ a::: 

V/ithou^  pr^o.-r  :r.  r-firin,’.,  a.  u.m  .-*^art"  can 
.'•'•ir  wherein  ''ijly  ...ne  •'■r  tw  r t.1  iotorr  ar‘-  Ig- 
nited. Thir  'ondi  t i'>n  of  poor  fi^cme  y agat 
can  also  oco  ir’  in  aiUiUia:’  ?orr:bustor.c . Tj.  •'•It.hvr 
••-•ase,  sev*  rc  l eal  ga  - tempera’,  irei;  (high  jattern 
I’actor)  are  generated  whi.'h  c'.ar.  thermally  di;jt.’'e.: 
the  turbine. 


Although  the  spark  igniter  ii:  t.he 
r:iost  comun  igijit.i  „-n  source  in  ise  t-..-day,  a number 
of  other  ignition  or  igr.iti  n-a3.sist  'juf-r  riave 

been  employed:  the  torch  igniter,  oxyg-'-n  i-.Je''ti' 

an.l  the  use  of  nyr.'phoric  f-iels.  The  torch  ignitor, 
a device  combining  the  functions  of  fuel  i.'ijecti':n 
ani  spark  igniticjn,  is  extremely  reliable  anc  per- 
mits a wide  ignit'on  envelope.  How--ver,  i*.  is 
mere  conr.-lex  and  costly  an  I increase.s  maintaina- 
bility problems  relative  to  cor.ventlor.al  Igriition 
systems,  'xygen  injection  assis'’;c  ignition  by 
lowering  minimirr.  ignition  energy  requirements.  It 
is  especially  applicable  to  facilitatirig  altitude 
relig.ht.  The  u.se  of  pyrophoric  fuels  provides  per- 
haps  the  most  punitive  ignition  source  available, 
ryrophorics  will  .''eact  spontaneously  in  the  presence 
'f  'Xygen  and  provide  excellent  altitude  reli.ght 
capability.  Tnfertunately , pyrophoric  fuel.s  are 
extremely  t.-.xic  and  create  special  haniling  a.nd 
logistic.-;  problems . Consequent ly , these  facto rs 
hove  limi’-.ed  its  use  as  a viable  ignition  techri icu'^ . 

P.6  Material s : The  selection  of 

:r-:p-^r  ma*eria.s  is  a criti.''al  eie.ment  In  combustion 
: y.^ten.  design  for  component  str-ictural  irgegri'y. 
y^iterials  which  pos.sess  high  stress  tolerance,  g*.  >; 
;xida*ion  and  corrosion  resistance,  an:  th<-  abill’y 
t'^  wi’.hstand  the  Iroad  cyclic  aero-thermai  I'ads  im- 
posed by  th'=*  engi.’ie  during  its  '-.perati  jn  .are  r‘=— 
riirei.  Several  hlgn  strength  alloy  r.gi*erial' 

.isei  ir»  '^enbustor:;  today,  the  select!. cf  whl 
ir  gcn>.-x'=T:y  base  i o»,  t.he  projected  operatini”  er.- 
V • f ^ h»»  p.ropulsion  system.  This  sec’lg.i 

will  rrig.hl  igh*.  a few  of  the  more  common  combustor 
ma’.'.*rials  in  u.ce  today. 

a.  hastelloy  X — Hastelloy  X is 
a ni  ••kol-ba.se  alloy  strengthened  in  solid  solu‘'*.on 
Vy  chnmi'jm  and  molybd'=-n-m.  It  is  the  most  common 
oombus*’-.>r  liner  ma’^erlal  in  use  teday.  Its 
f .icrabi lity  is  goc.i,  its  machinabil ity  is  difficult 
but  nof  impra''’^.ical  and  its  wf-ldability  and  br'iciiig 
character] rtics  arc  good.  Hastelloy  X exhibits 
good  s*r«ng*h  and  oxidation  properties  in  tho 
I04b°K  to  ll’iO°K  metal  temperature  range.  .Mou* 
■''mbu.g rs  with  Has*-  llcy  X liners  are  iesignei  *o 
iperate  at  .metal  temperature.''  of  1 ".''’''’H  ‘ ll?'’'’"''. 

l:ayr.‘=‘n  Hayne.s  Alloy 

i 'i  wrought  solid,  solution  st  reng'’ hon«=''1 , cobalt- 
bace  alloy  appli-'aMe  tiartp  opera*  ir.g  at 

* ‘■nreratur*''?  up  t.-i  ;♦  can  be  re.aiily 

f-rmel  ani  welded,  it.s  oxi-la*ion  r''-pi.'*^an''e  is 
g' . i*  a 1 ‘.i.ough  protec*:'/**'  costings  ar'--*  rf-quir''*;  for 
applicaMon.'  above  ani  like  Hast#=‘ll'-y  X, 

its  maoi;inabiU ‘y  in  diffic-olt  but  nr-’  impractioni , 
I*  is  finding  increased  applicability  in  ’he  ♦•.■■'W‘’r 
oomhustion  .sy.cfems  whore  linej-  metal  t ‘'m: '*rat  u’**'.''- 
■f  lltij^K  t(  are  necess.ary. 


arg‘‘  •* 
d .*  5 b 1 


'•;ring  engine  star*-;:,  t..-:  fl'uv’ 
■ from  'ar.-’  -'an  in  a Oirin'ular  com- 
via  'r-'sr-f  ir»>  or  ir,‘ *-‘r- 'unnc''’ • jT 
*h'’  iono  ?-^f  each  can.  Tb*e 
r»*  p r*s  'f  the  arc  readily 

■ .1.'*.  Tn'^'  Tos.'-fir-'  r«^’gion 


iiicbel:  This  .«upcr  allry 

Is  a noTi-a'*at -*]'«=■'%*  abl'-,  high  alloy  •'-*  r*‘ng 

.ed  by  dispersion  of  fin<^^  ThO...,  par*i-l^s  it:  a 
ni'-’kol  matrix.  Tl.i.*  alloy  naintairr  ;c'*ful 
rTrf'ng*’h:]  at  * ^-mpera*  ur^s  up  ’ 

'■X i iat i-'>r;-‘^r'ir i ’■'H  re'n.s*-an''e  Is  *. 
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Has'elloy  X or  Jiaynos  1^8  ana  requires  protectiv»^ 
coatings  for  applications  above  1I?20®K.  Its 
maohinabil ity  and  formability  are  >;ood.  Fusion  and 
resistance  weliinri;  jf  this  material  can  be  difficult; 
however,  i^s  brar.eabil  Ity  is  considered  »;oo(l. 
nickel  offers  considerable  promise  in  future  hiKh 
temperature  liner  applications  where  metal  tern- 
peratures  greater  than  1250®K  may  be  c<jnr.on.  fur- 
rent  material  costs  and  the  need  for  protective  coat- 
ings, however,  have  generally  preclude  I serious 
consideration  of  TD  "ickel  in  contemporary  com- 
bustion systems.  Further,  advjineed  liner  cooling 
techniques  have  succeeded  in  maintaining  metal 
temperatures  at  levels  consistent  with  the  Kastelloy 
X/Haynes  l83  material  capabilities. 

Significant  advancements  in 
super  alloy  technology  are  required  to  meet  future 
high  temperature  rise  combustor  requirements.  ’Jew 
materials  well  beyond  the  capability  of  TD  Xickel 
will  be  necessary.  Improved  coatings  may  provide 
part  of  the  solution  if  developed  with  long  life 
and  improved  .ligh  and  low  cycle  fatigue  capabilities, 
feramics  and  advanced  thermal  barrier  and  coating 
materials  may  also  find  a role  in  futui'e  combustor 
design . 


20. d dfsig:?  tools 

The  complexity  of  the  aerothermod:.'namic  and 
chemical  processes  occurring  simultaneously  in  the 
combustor  prevent  a purely  analytical  approach  to 
component  design  and  performance  prediction. 
Insufficient  capability  to  accomplish  measurements 
of  importance  within  the  combustor  has  precluded 
all  but  the  most  basic  understanding  of  practical 
gas  turbine  combustion  processes.  As  a result, 
one  has  had  little  choice  but  to  formulate  new 
designs  largely  on  the  basis  of  personal  or 
organizational  experience.  Continuation  of  this 
approach  to  combustor  design  for  high  temperature 
sophisticated  systems  under  development  today  and 
in  the  future  would  be  extremely  costly  and  time 
cons'iming.  The  turbine  engine  industry  can  no 
longer  afford  to  conduct  component  development 
activities  on  a generally  enpir’cal  basis.  Hence, 
significant  RSeD  programs  are  now  being  directe«d 
toward  developing  improved  analytical  design  pro- 
cediu’es  reinforced  by  m^-'r-e  powerful  measurement 
liagnostics. 


Combustor  deling 


The  principal  ob.ip'ctive  of  the  oombu.stiv*'n 
system  model  is  *c.  ar.alytically  iescribe  and 
predict  the  perfoi’T/ince  characteristics  of  n 
specific  system  design  based  I'n  definable  aero- 
iyr.'i.mic,  chemical,  and  thermodynamic  para.meters. 
tfany  mod.,  ling  approaches  describing  Mie  flow 
fiel  i and  ch.arac*’eristics  of  a particular  corn- 
bur*  ion  system  have  evolved  over  the  pas*^ 

‘wen*'.v  y^ars.  Early  models  were  almost  entirely 
o"'rirlcnl  while  ‘he  newest  models  currently  under 
l^velorm^n*  are  based  morf*  cn  fundamental  {rin- 
'Lpiv'S.  tr.pr^'vei  computer  '-vai  labi  i i ‘ y ‘’n: 
'apabil*  ;*  a.s  well  as  m^  re  efficient  r.’jmerical 
•.^•hniiue.'  have  had  a -ignificant  impact  on 
•"imYur*l‘’n  noleling  by  pe'mitting  the  nc>re  ''or 
D..*x.  * he  r^^ticaily-base  . approaches  to  be  coi.- 
• * 5 . 


•■•••*  rb:i  I rlvvil  : Tl  er.:iri''al  n"  I*-*! 

‘■■.■‘g'*  1 :y  ■'f  exrer ir.on*  a iat'^  * 

‘ . rr*»l  a*I  T >n.  ..-ir.g  r-U*ip>— 

^ I : *•  • hr  iq  j.'/.  .•  . ’ -t:.  nr;  r v 


inv*'lver.  a r.'-:»?ctl  >n  ,.f  v-.t  uj  { r q ria*  »• 

H»-r..t;.r.  iT.  lyr.amiv'  pftrH.':.ettu*.a  whi  *h  huiv*  : •‘••r. 
emririutiiy  :’o  ;nd  t'-  influence  ‘he  '".w.. 

combustion  efficiency)  :f  u :ar‘icu.ar  r.r.tj..'  - 
iesutn.  Each  f the  n*  :.-d  im-r.ji -na- ize  : parar.e'er.- 
or  ratios  are  acted  uj'oii  Vy  appr-' j r •*  **lr.f  ■ 
coefficients  or  exr><:nents,  the  value  of  w-.i  : — 

fleets  the  .iegree  of  Importance  cf  a par*  icuiar 
parameter.  Since  these  influence  te.'*ms  are  .r.al.y 
derived  from  test  data  obtained  from  eumt  n;t  -r; 
which  generally  represent  the  same  basic  desigr. 
fj’imily,  a ma.lor  change  in  design  phil  'S  |.'.y  "an 
require  the  definition  of  a new  set  ir.fl 

factors.  ■Consequent iy,  this  rro'ieiing  aj  j r a v. 
works  well  on  sj'ecific  combust  :r  desig!.  ' *’  " 
which  there  is  a broad  base  of  technical  la*  a. 
fortunately,  it  cannot  be  arbl*  rarily  .i.-i  a.=  a 
general  design  tool,  tne  example  :f  a;,  v.cqiri  vi. 
correlation  model  is  illustrated  in  .-igjre  ' 

In  this  model,  combustion  system  effi-ien'^y  ic 
fined  as  a function  of  the  more  imp..rtarg 
bustor  design  and  perf .■'rmance  par'imeterr.  Ac  'a:, 
be  seen,  the  model  is  written  in  general  f'rr.  *c.  i 
a tabulated  listing  of  appropriate  ccefficier.*  r 
and  exponents  is  rr-viiel  to  permit  the  • mp.4*ati-r. 
of  combustion  efficiency.  Again,  these  ir.fl  icn'*e 
terms  are  empirically  based  and  w.-*re  derived  fr'--m 
a bank  of  combustor  data  representative  -fa 
particular  c‘'ass  of  combustors. 
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Figure  20.3.1  rbipirical  Combustio:.  Efficiency 
Correlation 


A second  empirical  correlation 
employed  by  some  combustor  designers  toiay  .iefines 
a reaction  rate  parameter  (6)  based  on  the  "burning 
velocity"  theory  of  Lefebvre  (Ref  20.11).  The  6- 
paraneter  is  given  in  Figure  20.3.2.  Tlie  resulting 
correlation  establishes  the  relationship  between 
combustor  efficiency,  operating  condition  and  geo- 
metric size.  One  can  see  that  efficiency  is  not 
only  a function  of  airflow,  inlet  pressure,  and 
inlet  temperature,  but  .also  is  strongly  dependent 
on  combustion  zone  fuel-air  ratio.  Herbert  (Pef 
20.12)  estimated  the  effect  of  equivalence  ratio 
on  reaction  rate  by  the  following  equation: 

h = 220  (^2  + In  t/1.03),  (OO.ii.l) 

whe^'e  i is  i rimary  zone  equivalence  ra'^  i ■.  A 
•graphic  illustration  of  *.he  abc  ve  expression 
(Figure  20.3.3/  describes  the  variation  f b with 
primary  zone  equivalence  ratio.  Hence,  *.,o  achieve 
maximum  efficiency,  a primary  zone  fuel-'»ir  *atir 
of  0.087  ((t  =1)  shoul.i  be  used. 


Fi»?ure  '’0,^.2  Prediction  of  Combustion  Efficiency 
6 — Puraweter 


Primary  zone  equivalence  ratto--^ 


Fi?rire  20.3.3  Effect  of  Primary  Zone  on  Inlet 
Temperature  Factor 


20.3.1.^  Combine!  Err^piri  cal/Theoretical : 

More  complex  theoretical  d>*scriptions  0:’  combustion 
mu3t  ’■  ncorporated  into  combustor  models  to  allow 
predictions  based  on  ha-iware  desij^n  details. 

Physical  models  of  importar.t  combustion  processes 
(i.e.,  a "perfectly  stirred  reactor"  primary  zone) 
combined  with  available  empirical  t-nalyses  result 
in  hybrid  models,  A mimber  of  two-dimensional 
models  have  developed  in  recent  years  ranpin^7 

from  the  perfectly-stirred  reactor  pl’i/^  flow  models 
(Hef  20.13)  to  the  more  complex  axi.iymmetric  com- 
bustor flow-field  calculations  whicji  account  for 
heat,  mass,  ai.d  m.nment'im  transfer  between  fluid 
streams  and  include  chemical  reaction  kine*^  ic 
effects  (Pef  20. lU,  20.15).  One  such  axisy-.-mnetric 
stre^un  tube  was  developed  by  Pratt  ^ W?ii*ney 

Aircraft  in  support  of  an  Air  Force-spcnr  red  com»- 
bustor  pro»:Y*am  (pef  20.1^).  Fipnire  20.  is  the 
flow  chart  of  computational  step''  for  this  analytical 
model  illustrating  the  increased  complexity  of  this 
pn^ced’ure  wherein  both  theory  and  experiment  have 
been  integrated.  It  is  -currently  beinp:  used  as  an 
^ngin'^cring  tool  for  both  current  and  advanced 
combustor  design  and  exhaust  emissi^'n  analyses. 

Another  more  recently  developed 
model  lear.'^  even  more  heavily  on  combustion  theory 
and  advanced  n>u..erical  pro'^edures.  Ann^oulis  et  al 
'P**f  20.17)  developed  a twc-dimensional  'omputa- 
*ionai  procedure  for  calciilating  the  coupled  f’  >w 
and  chemistry  within  both  cannular  and  annular 
combustors.  A fiell  relaxation  n*>thod  is  us®d  u; 
sol*/*’  the  time-avera»re  Navior-Stokes  epiationr  wl*h 
r’':ipled  chenic^ry  including  the  effe'^s  -f  ♦urt-u- 
len?e,  iroplet  vap .urination  and  burning.  Extensions 


to  the  throe- lir:iet;S;w:ial  'ase  are  also  unJer 
development  p.-rmitting  .more  accurate  Jes.-rl:*i 
of  the  reoii'r- .1 -iti  jfi  an  1 mixing  Z'-Uies  of  the 
bustor . 


Figui-e  20.3.)^  '"“rimbur/  r It-iel  * '•mp',.* -t*  : 
Sche::.-it  i c 


20.3.1.3  The,  .ret  lea.  : I.*- 

20.1”^  represents  a s:r!*lficarr  •.  ivtif' 
fully  theoretical  conpu*erir*M  ;e. pu*  : 
not  yet  evolved.  A building  t , •'<  'n’t. 

ever,  has  beeu:  envi.-l  -!i*- : wh-'-reir.  a i.-.:  .^r  f 
models  (e.g.,  .'nemistry,  : urbuie:.*e.  ’.r  ; .»■*  va:  *•- 
izetion,  mixing,  l.-v.-.jpe:  l.uj'U*  r. .y, 

verified  experiment ly  arjd  then  c • 4 . *> ; w:**  ’ • 

other  subn-' i'-'ls . Fa-’u  up  led  .".'rr.  . »•*  w : 

undergo  an  e:.pt*r i men* a : viliJa*!  r.  b*-*' 

the  next  sunmciel  is  aiiei  • * he  v>-ra.l  uu-  .y 

procedure*.  Tr"  ’ul*  Lma*  e is  a f,i..ly  * 1 *h. 

descriptio.'i  all  r'uc'inc  fl-v  pr  -err-T  r.-it  .;:,- 
predic*  ivit.  of  overall  '’■,-;nbus*  ur  perf ‘rran'e 
functh-n  of  bucie  ieslrn  : aramet  .'r.‘ . -hr. 
tc  any  hariware  faVrl  ’u*  ; r.,  * ue  m-  i«-l  v'-  . . • rv 
to  evaluate  th<  priu-.;»-i  ''mhi.*;  Ji.  '• 

such  that  Jesired  t.***  ; v- vl.;  «!••.  . 

minin'un  -li'  subr»*quen*  uar  iware  : * i.-up  .. 

tuning. 


20.3..-'  Coirdustion  ."iagnos*  Ic.i 

T'evelopment.  if  valid  combust. <-r  m’iei.-  ■ • 
hampered  by  iifficulty  in  acjuiriric  f’^r 

in  comparing  and  refininr  Hnalytical  .tel  r i .ur'. 
Different  tyes  of  measurem.ents  are  requ:r--d  * ■ 
."ilid-ate  various  aspects  of  the  imj'-r*  a.’;*  r ihr. 
i.e..  droplet,  size  distributi-uj,  t urbuleru-e  in- 
tensity. etc.  In  addition,  improve!  Inf  r-.mu-nf;*  : 
will  be  required  to  aid  the  combustor  level  iprv'i.* 
process.  Such  equipment  wi>uld  pr  A*i  it-  th»'  inf.  ’-'/;- 
lion  vU.  which  the  engineer  will  base  r.  ibsequont 
desif'r  improv ‘ments  and  cventu.aliy  the  final 

Ti.-  rapidly  itrovinr  fielu  of  combustior. 
iiagnos‘.ics  will  play  an  increasingly  important 
r •!  e in  .satisfying  *'ue  above  otfcctiven.  Con- 
ventional therm.  ■’ ‘uple  and  .stijnplinr  jroblens  have 
be«.‘n  {revii  usly  u*;  ,lr»^i  * study  cu^mbus*  ior.  rr  - 
eensfs  in  ira**lca.  ;y  **ems.  However,  adilitional 
ap.pl  i’atii  .r.  ar.l  ‘•■•hnique  refinements  are 


■)-ih 


m'0e;jsary.  Further*,  new,  iasoi'-baKed  c-jml'ust ion 
iia^ru>f‘t  ie  r.eas.4rener.*  equipr.ent  c‘trj  be  expected 
to  pluy  an  impcrtariT  role  in  the  future.  Teoh- 
ni'iues  nuch  us  laser  P.'tr.an  soatterint^  and  co- 
herent ant ’t  )Ke:>  Raruun  scattering  hold  new 
promise  f^  r fundamental  ;*t'.i*iies  wf  combust io^ 
processer  requiring  real-time  "point”  (=1  ran  ) 
meusuremer.ts  of  temperat  n*e,  concentration,  and 
velocity.  ther  simpler  methods  may  find  ^pplica- 
* i -’H  in  measurement  of  combustor  exit  temperature 
{rofiles  during  combustion  system  development. 


ro.-  FicuRK  RKaniR£:-2;:!;TS 

The  aer\.— propulsion  combustion  community  is 
currently  c.-'nfront  ei  with  two  new  and  difficult 
challenges:  reriuction  of  exhaust  pollutant 

emissions  and  accommodation  of  new  fuels  which  wi'' 1 
reduce  cost  while  increasing  availability.  Tlie 
first  two  of  the  following  three  subsections  sum- 
marise the  problems  and  current  state-of-the-art  in 
each  of  these  two  areas.  Further,  projected 
engine  technology  requirements  necessitate  advance- 
ments in  combustion  system  design  techniques  and 
performance  Section  ?0.^,3  addresses  the  com- 
bustion engineer’s  task  in  this  area. 

?0.1*.l  Exhaust  Emissions 

Problem  Definition:  In  recent 

years,  increased  citizen  concern  over  environmental 
issues  coupled  with  the  obvious  visible  smoke 
emissions  from  /et  aircraft  has  brought  substantial 
public  attention  to  aircraft-contributed  pollution. 
As  airport  ♦raffic  increased,  it  became  evident 
that  at  least  the  possibility  existed  that  pollutant 
emissions,  when  concentrated  in  the  local  airport 
envircr-ment,  could  result  in  ambient  levels  which 
exceed  all'^wabl'*"  limits.  Concern  within  the 
*Jni*ed  States  culminated  in  the  inclusion  of  ex- 
haust emissions  from  aircraft  engines  in  the  con- 
si  derations  of  the  Clean  Air  Act  Amendments  of 
IPTO  (Ref  20. iR).  This  legislation  requires  that 
the  Environmental  Protection  Agency  (EPA)  assess 
the  extent  to  which  aircraft  emissions  affect 
air  :iuaiity,  determine  the  technological  feasibility 
jf  controlling  such  emissions  and  establish  air- 
craft emissions  standards,  if  necessary. 

The  resulting  EPA  assessment 
(Ref  20.19)  has  indicated  the  necessity  to  regu- 
iHtr-  corjnerc i aircrftf^  ^missions.  Currently, 

EPA  standards  (Pef  20.20)  apply  to  commercial  and 
gen#»ral  aviation  but  not  to  military  aircraft.  The 
following  excerpt  from  KPA's  discussion  accompany- 
ing ^he  final  announcement  of  the  aircraft  emis- 
sions standards  (Pef  20.20)  s'jmmarizes  this  policy. 

In  judging  the  need  for  the 
regulations,  the  A>dministrator  has  determined: 

(l)  that  the  public  health  and  welfare  is  en- 
dangered in  several  air  quality  control 
regions  by  violation  of  one  'r  more  of  *he 
national  ambient  air  qualify  standards  for 
carbon  monoxide,  hydrocarbons , nitrogen  oxides, 
and  photochemical  oxidant::,  and  that  the 
public  welfare  is  likely  to  be  endangered  by 
smoke  emissions;  (’•)  that  airports  and  air- 
craft are  now,  or  are  projected  to  be  signif- 
icant sources  of  emissions  of  carbon  monoxide, 
hydrocarbons , and  nitrogen  oxiies  in  some  of 
the  air  qualify  control  regions  in  whi'^h  the 
national  anhien*  air  quality  standards  are 
being  vis'-latM.  as  well  as  being  significant 


sources  of  sraoKe,  and  therefore  (3)  that  raaln- 
tt-nance  of  the  national  ambient  air  quality 
staiidarls  and  reduced  imfiact  of  smoke  emissions 
requires  ’hat  aircraft  and  aircraft  engines  be 
subject  to  a prograr;  of  control  compatible  with 
their  significance  as  pollution  sources.  Ac- 
cordingly, the  Administrator  has  determined  that 
emissions  from  aircraft  and  aircraft  engines 
should  be  reduced  to  the  extent  practicable  with 
present  and  developing  teclinology . The  stand- 
ards proposed  herein  are  not  quantitatively 
derived  fron*  the  air  quality  considerationr.  ... 
but,  instead,  reflect  EPA's  Judgment  as  to  what 
reduced  emission  levels  are  or  will  be  practi- 
cable to  achieve  for  turbine  ani  piston  engines. 

Current  EPA  regulations  are  based 
on  reducing  aircraft  engine  emissions  during  their 
operation  below  3000  feet.  However,  an  additional 
potential  problem  has  been  associated  with  air- 
craft—the  possible  environmental  impact  of  high 
altitude  emissions  (Re.^  20.21).  There  are  moj.y 
mechanisms  by  which  this  might  arise:  (a)  emission 

of  water  vapor  and  carbon  dioxide  into  the  strato- 
sphere may  cause  a "greenhouse  effect,"  (b)  sul- 
phur compound  emissions  can  cause  particulate 
formation  which  would  cause  solar  radiation  to  be 
diverted  away  from  the  earth’s  surface  reducing 
the  equilibrium  atmospheric  temperature,  and  (c) 
increased  concentrations  of  water  vapor  and  oxides 
of  nitrogen  due  co  emissions  into  the  stratosphere 
might  deplete  the  ozone  layer  and  allow  increased 
penetration  of  solar  ultraviolet  radiation.  Po- 
tential problem  (a)  has  been  shown  not  to  be  sig- 
nificant. !-^ich  more  investigation  is  needed  con- 
cerning (b)  and  (c),  however,  before  the  extent  of 
potential  stratospheric  environmental  problems  can 
be  suitably  defined. 

The  discussion  which  follows 
defines  the  exhaust  gas  content , presents  engine 
♦^mission  characteristics,  and  reviews  emissions 
control  technology. 

20.1.1.2  Exhaust  Content : Aircraft  engine 

exhaust  constituents  usually  considered  to  be  pol- 
lutants are  smoke,  carbon  monoxide  (CO),  hydro- 
carbons (HC),  and  oxides  of  nitrogen  (NO  )*.  The 
magnitude  of  emissions  depends  on  operating  mode 
and  engine  type.  The  combustion  products  are 
conveniently  organized  into  five  groups,  as  listei 
in  Table  20.i*.l.  More  than  Q9  percent  of  the  ex- 
haust products  are  in  the  first  two  categories, 
which  include  those  species  not  generally  con- 
sidered to  be  objectionable.  The  last  three  cate- 
gories contain  small  quantities  of  constituents 
and  are  dominated  by  the  principal  pollutants: 
hydrocarbons  (HC),  carbon  monoxide  (CO),  oxides 
of  nitrogen  (itO  ),  and  smoke-  Because  emissions 
characteristics^a’-  engine  idle,  nonafterburning 
high  powp'r,  and  afterburning  operation  vary  sub- 
stantially, coliimns  listing  composition  for  each 
of  these  operating  nodes  are  given.  Note  that 
levels  given  in  Table  20.1i.l  correspond  to  the 
turbojet  case  or  to  the  core  flow  only  in  the 
case  of  a turbofan. 


* Exhaust  nitrogen  oxides  are  in  the  form  of  both 
NO  and  NO^.  Collectively,  they  are  expressed  as 
:in 
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TABLE  20.1A 


Engine  Conbustion  Products 


Ix>w  Power  (Idle) 

High-Powt*r  ^ non  AB) 

'"raise  (’#*ith  / 

Grour 

Type 

Species 

Concentration 

Concentrat ion 

b’orner)  Cor.ccni 

1. 

Air 

77' 

77^ 

7 4-77'. 

17.3-19' 

1 

o 

A!- 

.9^ 

.9'^ 

2. 

Products  of  Com- 

H„0 

1.U-2.US 

3-5*' 

5-1  3*^ 

plete  Combustion 

4 

1.U-2.U' 

3-5- 

5-1 

3. 

Products  of  Incom- 

CO 

50-2000  ppmv 

1-50  ppmv 

100-2000  ppmv 

plete  Combustion 

Total  HC 

50-1000  ppmC 

i-20  ppm’" 

1 00-1000  ppm'' 

Partially 
Oxidized  HC 

25-500  ppiaO 

1-20  ppraf’ 

"a 

5-50  ppmv 

5-100  ppmv 

100-1 ppnv 

Soot 

.5-25  Fpsn. 

* 5-50  j’pmv 

.50-50  ppnw 

!Ion-hydroc  arbon 

S0„,  so 

I -5  ppmv 

' ppmv 

1-30  ppmw 

Fuel  Components 

C J 

Metal s , 

Metal  Oxides 

5-20  ppbw 

S-20  ppbw 

5-20  ppbw 

5. 

Oxides  of  Nitrogen 

NO,  :io^ 

5-50  ppmv 

50-500  ppmv 

100-600  ppmv 

Arter- 


a.  Group  1.  Air:  These  species 

pass  thro’-igh  the  engine  unaffected  by  the  com- 
bustion process  and  unchanged  in  chemical  com- 
positiv:n,  except  for  oxygen  depletion  due  to  fuel 
oxidation.  Argon  is  clearly  inert.  Although 
molecular  nitrogen  is  nearly  inert,  the  less  than 
0.01  percent  that  undergoes  ’’fixation"  to  its  oxide 
form  (Group  5)  is,  of  course,  extremely  important. 

b.  Group  2,  Products  of  Com- 
plete Combustion:  Water  and  carbon  dioxide  are 

the  dominant  combustion  products  and  the  fully 
oxidized  forms  of  primary  fuel  elements,  hydrogen 
and  carbon.  It  is  the  formation  of  these  species 
that  releases  maximum  energy  from  the  fuel.  H^O 
and  CO  are  not  generally  considered  to  be  air 
pollutants . 

c . Group  3,  Products  of  In- 
complete Combustion;  Hydrogen  and  carbon  not  con- 
verted to  water  or  carbon  dioxide  are  found  in 
compounds  categorized  as  products  of  incomplete 
combustion.  The  important  species  in  this  group 
are  carbon  monoxide,  unburned  and  partially 
oxidized  hydrocarbons,  molecular  hydrogen,  and 
soot. 

CO  and  HC  emissions  contain  the 
largest  portion  of  unused  chemical  energy  within 
the  exhaust  during  idle  operation.  Combustion 
efficiency  at  this  operating  condition  may  be 
calculated  from  exhaust  CO  and  HC  concentration 
data.  At  higher  power  settings,  especially  with 
afterburner  operation.  H^  levels  may  also  sig- 
nificantly contribute  to^ineff iciency . Exhaust 
hydrocarbons  are  usually  measured  as  total  hyiro- 
carbons  as  specified  by  the  SAE  APP  1256  (Ref  20.22X 
Although  it  is  well  Known  that  the  toxicological 
and  smog-produc ing  potential  of  Jifferen*  hydro- 
carbon types  varies  widely , little  worK  has  been 
done  to  characterize  the  dist^•ibution  of  hydro- 


carbon types  in  the  exhaus'^.*  Presently  available 
analytical  ':echniques  to  accomplish  such  a character- 
ixation  are  ''omplex,  time  eons'iming,  expensive,  and 
of  unconfirmed  accuracy. 

A similar  problem  exists  in 
quantifying  soot  emissions.  The  measurement  tech- 
nique has  evolved,  ARP  IITQ  (Pef  20.23),  does 

not  directly  relate  to  exhaust  visibility  or  soot 
concentration.  However,  Champagne  (Ref  20.2^)  has 
developed  a correlation  between  measured  ARP  1179 
smoke  number  (S?0  dry  and  particulate  emissions. 
Efforts  to  neasurf*  and  characterize  particulate 
emissions  directly  are  curr^^ntly  in  progress. 
Complications  have  developei  because  the  contribu- 
tion of  condensed  hydrocarbons  in  the  exhaus*  to 
the  particulate  measurement  varies  greatly  with 
sampling  conditions.  Although  a technique  t 
determine  exhaust  soot  concentrations  may  eventually 
be  developed,  characterization  of  size  distribution 
appears  to  require  a longer  range  effort. 

d .  Group  X,  :«on-HydrQcarbon  Fuel 
''^^mporients;  The  elemental  composition  of  pet.roleun- 
based  fuel  is  predominantly  hydrogen  and  carbon. 

Of  its  trace  components,  sulfur  is  the  most  abundant. 
J^st  of  the  sulfur  in  the  exhH'js*  is  in  an  oxidized 
form,  probably  as  sulfur  dicxide.  Giovanni  and  Hilt 
(Hef  20.30)  and  Slusher  (Ref  20.31)  have  found  that, 
the  ratio  of  GO  to  SO^  is  from  0.03  to  0.1^*  in  the 
case  of  heav;/-daty  stationary  and  lircraft  gas 
turbines.  The  total  amount  of  sulfur  in- exhaust 
compounds  is  directly  related  t , and  calcvilable 
from,  fuel  sulfur  consent.  The  second  most  abundar^t 


^Existing  data  can  be  ^ound  in  Bogdon  and  McAdams 
(Ref  20.25),  Groth  and  Robertson  (Ref  20.26),  Kendall 
and  Levins  (Ref  20.27),  Butze  and  Kendall  (Ref  20.28), 
and  Katzman  and  Libby  (Ref  20.20). 
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•!'HC*e  vTmront*::i  Iroc'irbon  I’ut-l  in- 

v.  lvt'.',  rio'.-tl;?.  ii*  expected  that  these  eleirjenT;-, 

Which,  nay  *ce  ci’hcr  natural  ccnporc-nts  of  the  fuel 
•r  ndUticn.*  , Mppt*ui'  in  the  exhaust  ar  metal 

oxides,  h'urth.er,  it  ic  ^t^rieral  ly  expec'e.i  that 
these  species  are  particulates  arui  often  ftjun<i  with 
the  soo* . 

e.  Group  Oxides  of  Nitr  i.’ien: 
;'*ho'Uj;h  the  ratio  of  NO  to  NO^  emitted  by  aircraft 
^;as  turbines  may  shift  with  operating  conditions,  NO 
will  eventually  be  converted  to  MO^  in  the  atmosphere 
and  subsequently  p?iuaic  ipate  in  smog  fomat  ion 
chemistry.  Gome  attention,  however,  must  be  pai  i 
*:.e  influence  of  tine  delay  required  for  atmonpher ic 
110^  formation  and  the  subsequent  effect  on  smog 
foraation.  Stratospheric  NO  and  NO^  emissions  are 
generally  thought  to  have  equally  detrimental  e*’- 
fects . 

As  stHt-r:  above,  proluct  species 
are  usually  measured  in  te!*rr.3  of  their  vol'ine 
(or  sometimes  mass,  especially  for  condensed  phases) 
fraction  in  the  product  cample.  Occasionally,  the 
suffix  "dry"  or  ’wet"  is  appended,  according  to 
whether  or  not  the  water  is  removed  before  analysis. 

A more  useful  and  unambiguous  .method  of  reporting 
exl'.aust  emissions  frem  gas  * ;rbines  has  proved  to 
be  the  use  .f  an  eni  sion  index  which  represents 
the  ratio  of  * he  pollutant  mass  to  ^he  fuel  con- 
sumption. A commonly  used  dimension  is  grama  of 
pollutant  per  kilogram  of  fuel.  Conversion  of 
volume  fract ion  measurements  * o emission  indices 
requires  assignment  of  molecular  weigh*;  , w:.! 
is  not  difficult  for  a -'ingle  compound  category, 
but  may  lead  *o  ccnfusi>:>n  for  categories  corujis*  ing 
of  mere  than  one  compound.  It  is  conventional  to 
report  oxides  of  nitrogen  (NO  ) as  though  thf?y  were 
entirely  NO^.  Similarly,  the  oxides  of  sulfiir 
(sc  ) are  usually  repor'el  as  SO^-  Hyirocarbon 
measurements  usually  lead  to  a vol’imetric  fraction 
related  to  a sini?le  hydrocarbon  compound;  e.r... 
parts  per  million  equivalent  hexane  (or  methane, 
propane,  carbon  atom,  etc.).  In  reducing  t!.ese 
measurements  to  an  emission  index,  a hydrogen- 
carben  ratio  of  ♦■w.  is  usually  assumed. 

.3  Engine  Emissions  Chmeterist  ics  : 
Processes  tha^  influence  pollutant  formal  ion  occur 
within  both  the  main  burner  and  afterburner.  Con- 
lit  ions  under  -wnich  combustion  occurs  in  these  two 
sys*-ems  are  extremely  diff*'ren*,  and  stulic?  f 
emissions  from  the  main  burner  and  au»’7r*er.t.^r  are 
generally  tr^^ated  separately. 

a.  yiain  Burner  r^issions; 

''arbon  monoxide  and  hydrocarbon  emissi''ns  a.^e  a 
str-ng  function  f engine  pow^r  se*-fing.  As  thrust, 
is  Increased,  the  combustion  system  experiences 
greater  inlet  temperature  an!  pressure,  ac  well 
as  higher  fu«l-air  ratio.  The  increased  fuel 
fl  w results  in  i.mpr' ve  1 fuel  atomic, a*  ion  and  higher 
• mbust-^r  inlet  ♦*-'mrera*ure  provide.^  mere  rapid 
vuforixa*  i'-n.  ’••emi'*al  reaction  ra“e-  resrfinsihle 
f jp  ■'  ant  ' n.'um;  * ion  are  r.hari  ly  ln<‘rear.ed  by 
r.igner  fla;:.*'  » ■•m: '*ra‘ ur»».>  re.sul*in‘y  fr -m  *h*>  great- 
er fu»*i-air  *"i*  1 '.!»-e  y.*-‘*if;ri  iu.l  of  ''hap*er  15)« 

' a'h  ;f  *r:erf»  er.ariges  •«*nlr  * ■ teTca.  e * he  ra' e? 
a‘  w'- : 'h  H*"  and  ar"  erd**ed.  "*enr.epi.»r.‘ ly,  the 
rela*  i ■r.rniT  an  “ngine'j  er.ir-si  'n  -f  liC  and 

- ■ r m'ru.*  i i n'-f*’ i - lency  ^ an:  f"w*T 
inli-’at'-r:  a 'a?':;y  t*''rearlr,g  * rer.  1 . Tile 
aril  h"  er.I.-;:  far  ex-.-.,-,  j tha*  a*  *'/t 

' ■’t.  1 i * I • ’ • . A * ' rre  1 *1*  * g ’ f i 1 ^ ar.  t '.y  t r — 

’art  n ■•r!-..-!  n--  - a r jnt ‘T  f '‘r.g;r.«'"  'an  be 

e'*ari:"*ei  ry  '1  ‘‘In.’  **;esr  va’.u*''  a"'  a fin'^*l'''n 


-f  Lv.'mb  ii:t- 'T  i:..“f  t emi --rat  ui*e  . rlgure 
II  lu;-g  ra+ T h-  trer.i;-.  tha^  car:  oe  u tai.ue  i. 


COMBUSTOR  INLET  TEMPERATURE  rK> 

Figure  20.«.1  CO  ar.u  HC  Idle  rit.issions 


As  discussed  In  Chapter 

combustion  efficiency  can  re  related  t exr.aust 
content.  In  the  case  of  idle  oy.era^ion,  the  in- 
efficiency is  predominantly  due  *’c  ' and  H'*. 

The  idle  CO  and  KC  emission  index  values  can 
be  related  to  combu.ation  ineff icier.''y  by  t.hv 
foLlrwing  equation: 

1 - = fO.232  X lo" 

1) 

wr.ere:  n,  = Combustion  efficiency 

b 

1 - = Combustion  inefficiency 

fc 

(El).  = Er.i.ssl'in  index  srecies  i. 

Oxides  of  nitrogen  emission 
levels  are  r;reatest  at  high-pewer  operating  con- 
ditions. Tlie  predominant  NO  forming  chemical 
reaction  is: 

•J  + 0 • NC  -t  •:  (20.14. 2) 

■ 2 

It  is  usually  assumed  that  NO  formation  takes 
place  in  regions  of  the  combustor  where  oxygen 
atoms  are  prerent  at  their  equilibrium  concentra- 
tion. Reaction  20.l4.r  and  the  oxygen  atom  >oi.- 
centration  are  extremely  temperature  ser*sitive; 

NO  is  produced  -.mly  in  the  highest  temperature 
(near-stoichiometric)  combustion  zones.  Gince 
the  stoichiometr i'  flrsme  temperature  is  .i^pendent 
on  combustor  inlet  ter.peraturf  (a  function  f 
compressor  pressure  ratio  ar.i  flig.ht  speeu  ' .xide 
of  nitrogen  emi.ssions  can  be  expe-.-ted  tc  increase 
subr*antially  with  p: wpr  setting. 

An  ex'^ellent  ?orrelation  of 
NO  emissions  from  a large  number  of  engines  has 
es^ablishf'd  V'V  I.ipfer*  fPef  20.32).  This 
• '."relation,  r^propjced  in  Figure  PO.l.r,  relater 
q-  f'^^ission  index  *<•  combustor  ir.le*  *<'‘myera*  irr^ 
;;  i-vp  r.tr-'ng  t pnperatur*=*  dep*=‘!idence  previ  .'usiy 
]i:"'‘us.'ed.  itreever,  the  fact  that  combustor 


1 
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design  has  little  apparent  effect  on  NO  enissien 
Is  noteworthy.  This  inplies  that  mixing  nril 
^^uenohing  processes  within  cotnbustoi-s  operating  wi’-. 
rich  (^>1.0)  primary  zones  are  strikii»gly  siniJa;-; 
the  temperature  effect  alone  controls  the  ‘I'  emis- 
sion rate.  No  strong  fuel  effects  are  HpT arent 
from  existing  data.  However » it  has  been  si, own 
that  fuel-boimd  nitrogen  is  r<=-adily  converted 
{50  to  100  percent)  to  NO  in  both  stationary 
and  aircraft  turbine  combustors  (Hef  20.^3  - 20.36). 
Should  aircraft  fuel-bound  nitrogen  levels  be  in- 
creased in  the  future  because  of  changiiig  fuel  rt- 
'■juirer.ents , fuel-bound  nitrogen  could  become  a 
significant  problem  {See  Section  ?0.a.3). 
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Figure  20.4.2  Correlation  of  Current  Engine  .‘P 
Emissions  with  Combustor  Inlet  ^ 
Temperature 


The  dependence  of  NO  emission 
on  combustor  inlet  temperat'ure  is  reflecte’d  in  a 
strong  relationship  with  cycle  pressure  ratio  at 
sea  level  c-^nditions  and  with  cycle  pressure  ratio 
and  flight  Mach  number  at  altitude.  Figure  20. U. 3 
illustrates  ^.he  relationship  between  NO  emission 
and  cycle  pressure  ra'f’io  at  sen  level  ic 

con'i'‘ions.  Figure  20.1*. U presents  the  dependence 
of  emission  on  cycle  pressure  ratio  and  flight 
Mach  n'lmber.  .-Ince  the  optim’jm  pressure  ratio 
for  each  fligh’’  Mac*h  number  changes  with  '’alendar 
*‘:me  ar  technnlogy  devel''pmcn'^  r all  w higher 
*«mrerature  operation,  a band  ^')gicTll  operaMru* 
cor;li*ions  af’  the  1970  technology  level  has  been 
indi  ‘at ed  in  Figure  21;. •‘•i..’*. 

Smoke  format  ir^n  is  favored  by 
high  f ie. -air  ratio  an  J pressure,  '’pon  inde"* 'I'’:, 
in*  the  '‘-.mbust-'r,  the  hea-“.*  r.  ile-^ular  weight 
fuel  molecules  are  r>ub.)e<7*-,ed  intense  hea*  ir.g 
and  molecular  break  lowr.  -r  pyrolysi.^  “•■cure. 

If  thi:2  process  - ‘ ‘iirs  in  ‘he  -absenc‘»  -f  if^’i -i^n* 
'x:/‘t‘=*n  {i.e.,  high  fuel-air  ra‘-io)»  t*-.e  small 

-'-iP 


nylr  -/..-r:  f r‘igrr.»-r,* 
wn  ; ^*ti  ev*-r,’  ua;  ly  r*-::  .1 
lu" .reor  by  wj  i u;  cart-: 
is  ki.  wn  f . t,f-  Very  pr 
designers  have  b«-‘*n  r.u 


;r*i’ 


•arb  u, 
r-,'  '• 

i . 1 a* 

; 

ii  in 


buTTier  avfii.i  c ne.',  ‘ 


reducing  ri.moKe  Irv**!.;.  The  >•  ;rr*-jr 
engines  (•''701'.  ''F*’,  HFCII  • t.ar  r;*-ar:y  in' 
iiaust  ‘rails.  The  techniques  rer.!‘lr.»* 
impp-ivements  will  be  higi.lightei  in  a .• 
subsect.  i.:.n . 


b.  Afterbur;.iitn  Knginer. : Rela- 

tively lit*ie  inforniation  in  availabl.*  regarding 
emission  during  afterburner  operr.tion.  'lenerai 
trends  in  exic-^ing  lata  indi:---!’*-  possible  signifi- 
carg  levels  nf  CO  and  HC  at  the  exhaust  plane, 
espe-'iaily  at  the  lower  afterburner  pc.wer  settirigs 
(ReC  20.37  - ' .*il).  .1  wever.  l.yon  fpef  ■’O.bl)  has 

confirmed  ‘f.a",  at  sea  level,  of  tnc  CO  and 

HC  is  chemii*ally  reacted  to  and  !:,/•  ir.  t:.e 
exi.ausl  plume  downstream  of  the' exhaust  plane. 

These  d -wnstrear:.  reactions  have  beer,  shown  to  con- 
sume up  to  031"  of  the  jvsllutants  present  a‘  the 
exhaust  plane.  Tlie  extent  of  these  plume  reactiorss 
at  altit.udo  is  uncertain.  Although  lower  icnbien'^ 
pressures  tend  to  reduce  chemical  reaction  rates, 
reduced  viscous  mixing  and  the  exhaust  pl;ime  sho:?k 
field  tend  t '?  increase  exhaust  gas  time  at  high 
temperature  and  thus  reduce  th^  final  emission  of 
incomplete  combustion  products. 


COMPRESSOR  PRESSURE  RATIO 


Figure  20,«.3  Dependence  of  Fea  Level  Standard 

Day  ‘10  Emissions  on  Compressor  Pres- 
sure Patio  of  Current  Engines 


IK’  emission  uuring  afterburner 
operation  exp'‘*essed  an  FI  basis  i.s  lowei*  than 
during  non-afterburning  operation  berause  of  re- 
duced peak  flame  temperat tires  in  ‘he  afterburner. 
The  value,  ;jjider  sea-level  cor.iitions,  is  approxi- 
mately 2-5  6/kg  fuel  (Hef  A*  altitude, 

it  is  expected  that  ‘he  enisrior,  ir,  w >ul  1 be 
3.0  or  less.  I.'ti-'t  b*.irner:>  a.*-#-  cxpec‘e.i  t r,  jnve 
an  no  El  of  Hl'C.iy  Jurinr  alrituio  .peratl'  i. 
(Rpf  Wnile  the  ‘.-‘'il  N enisrl  . n.’‘ 

signi  f icant  ly  infl  i^nc*^  J ny  piur.c  . ther«‘ 

is  spe’ulativ.n  ‘'.a?  evnv^rs  1 r.  f ' ‘ •••coar:-. 

both  vi‘.,.in  the  aft«rt  irner  an  i in  • j 1 .r,-. 


I’-n*  K*'*  ;:r  'art  : far*!-.*'  «*r.  ia.’i  r.r 
ar<-  rei.i.-:-;  liy  * r.e  f ar,  a*’*”'-!  y,-  > 

‘ond  i ti-.r.c  wi^'K.  an  af‘ ert  *n.«^-r  ar*  * ■ nli’-iv* 

*r.  parti. ’!'•  ‘'•rra*  1 r.  t P ~ * :.*■ 


;:.Hy  be  oxi'li7.e  i in  * a:’^  •=»rburner , 

in  a :.v*  re.iuction. 
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fLIGHT  MACH  NUMBER 


Figure  20.U.U  Dependence  of  “0  Emission  on  Flig'rt 
Mach  rJuraber 


Mininiizat.ion  of  Emissions: 
Previous  iiscussions  of  eniissions  I'-vels  concerned 
existing  en^^ines.  Control  technr-logy  may  reduce 
emissions  from  these  baseline  levels  by  varying 
iegrees.  The  fundamental  means  by  which  emissions 
mav  be  relu'’ed  are  discussed  in  this  section. 


a.  Smoke  Kmission:  Technology 

control  smok»  emission  is  well  in  hand  and  it 
•i!  i appear  that  fut’ire  engines  will  continue  to 
*araMe  .'atisfying  the  future  requirement 
exhaust  invisibility.  The  main  design  approach 
el  io  * ■'  iuce  the  primary  zone  equivalence 

* ; - : a .evel  where  particulate  formation  will 

■*.i nir.i z#' 1.  Thorough  mixing  must  be  accomplished 
T r«*ven*  f .-  1-rich  pockets  which  would  otherwise 

e.  :#*rv<  * '.*»  .'n'  K"  probl*»m,  even  with  overall  lean 
Imary  r r.**  r#»ra*inn.  This  must  be  done  while 
r.  ‘ a ; r.  i r.g  oh*’r  combustor  performance  character- 

• . . w ' Ilfication  to  allow  leaner 

. -i‘ : ' ar.  i airblao^  fuel  atomization  and  mixing 
- • •*r.  **r,pl  ye  i ♦ ; accomplish  these  objectives. 

If";*:  ar.i  fla.me  stabilization  are  the 

• • ; par'iT^’ers  affected  by  leaning  the 

•-r-:  r ar.i  c b*-  closely  observed  during 

: . ;r-.  f I'w  smoke  combustors. 


by  r.-ir-r-  i; 

• • • . r;  i 1 le  '<  r 


: . H"  and  CO  H>niscion:  To 

- <.  e ^ \ r»,  the  pbimarj'  zone  equiv- 

t*  ; **  •-■'r.ven*’ lonal  combustor.-  a*  higher 

•ra*  ■ • r . t n-*  be  much  ab^ve  stoichi'-- 
. 1 1 ' • mu  di  1 wer  th^r;  s^  '-ichio-. 

: a*  111-  wh'^-re  /era'll  fuel-air 
.ghly  r.<--.‘hirl  f + he  full-power 
rnefricl-^nt  ll>  pera*l.'n  may  be  improve! 

* i;  me‘ r.  The  "^b  *ec*  !*/«»:■  in  each 

* '.r*‘  * i!‘'Vil‘‘  near-'*  ichlometrie 


f r naxin-jr.  cons'jrtpt  ion  f hydrocarbons 


I 


while  allowing  sufficient  time  within  t.ue  iriter- 
mediate  zone  (W^iere  £ - t.Dl  to  allow  for  CO 
consuinpt  iorj. 


To  achieve  increased  localized 
fuel -air  ratio,  dual  orifice  nozzles  are  fre- 
quently applied  to  modify  fuel  spray  patterns  at 
idle.  Attempts  to  improve  fuel  atomization  also 
provide  decreased  idle  HC  and  CO  through  more 
rapid  vaporization  (Ref  20. U3).  Greater  local 
fuel-air  ratios  at  idle  can  also  be  achieved  by 
increased  compressor  air  bleed  or  fuel  nozzle 
sectoring.  In  this  latter  case,  a limited  number 
of  nozzles  are  fueled  at  a greater  fuel  flow  rate. 
Schemes  where  two  '^0°  or  one  l80®  sector  is  fueled 
have  shown  significant  HC  and  reduction  (Ref 
20.)*^). 


Advanced  approaches  maxe  use  of 
staged  combustion.  The  first  st.age,  being  the 
only  one  fueled  at  idle,  is  designed  for  p-eax 
idle  combustion  efficiency.  The  second  stage  is 
only  utilized  at  higher  power  conditions.  This 
main  combustion  zone  is  designed  with  a primary 
motivation  toward  MO  reduction.  Significant  HC 
and  CO  reductions  have  been  demonstrated  using  the 
staged  approach  (Ref  20. ^+5  - 20. oO).  Aii  example 
of  such  a design  is  shown  in  Figure  20.^. 5. 


Figure  20. 1^.5  Staged  Fremix  Combustor.  JT90 
Engine 


c.  MO  Emission;  MO  has  been 
- — ’ . ^ 

the  most  difficult  aircraft  engine  pollutant  to 


reduce  in  an  acceptable  manner.  Currently  avail- 
able technology  for  reducing  MO  emissions  con- 
sists of  two  techniques  discussed  briefly  below. 


Water  injection  into  the  com- 
bustor primary  zone  has  been  found  to  reauce 
oxidf'-of-nitrogen  emissions  significant’ ly  (up  to 
30f?).  Peak  flame  temperatures  are  substantially 
reduced  by  the  water  injection  resulting  in  a 
sharp  reduction  in  NO  formation  rate.  In  a 
n’.imber  of  canes  where^this  technique  has  been 
attempted,  however,  emissions  have  increased, 
althc'igh  not  prohibitively,  b'igure  shows 

th^  relation  between  water  injection  rate  and  MO 
reduction  (Ref  20.51).  This  method  is  not  feas- 
ible for  reducing  cruise  MO  because  the  water 
f:-w  reiuired  to  attain  significant  abatement  is 
+be  order  of  the  fuel-flow  rate.  In  addition, 
there  are  difficulties  wi*h  engine  durability, 
perforr.ance , logistics,  and  economic  problems 
associated  with  the  cost  of  pr-.viJing  necessary 
l^mlnoral i zed  water.  Consequently,  tb.ese  factors 
have  causeti  this  technique  to  receive  negative 
evaluation  as  an  approach  toward  universal  re- 
;uc* ion  of  ground  level  MO  . 
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hott'ro»;''r.=  • ••  •*■  . • « t-» 


t'h'i-it*  ••.Tit'i:- * I fi  * 


!v**Vt*er;  ' * ' 't:,  i . *"■  , * • a*  -i*.  j : v:  I . - 

'ibili*y  ■ !’  - • -.iV'- 

■''har.»^r»  1 . ?f‘r- -T’t ^ 1 iTi  r . • .•*  . r.v.  *'  r.  r*- 

*han  f''r  bcTh  r'CTrjr.er  ■ i'l . ar.  i r,i.:*a!'y  * >r.- 

s:imers  . Ir.  r'uel  r r '■.•.irer.t':;*  a ••  i.  :.s 

have  enc  jur;’’ere.i  ii  r't’io-.il  t ies  in  '•  t a i r. i ri>-’  ie- 
sire.i  quantities  o:‘  fuel,  even  tjio-a»-h  sirn  i:’i  rant  iy 
reiuced  from  1^72  eons’^mpt  i 5n  levels.  These  ie- 
veltTpHienhs  have  encouraged  initial  exa.’ninat  ions 
of  the  feasibility  of  producing  ^^et.  fuels  from  non- 
petroleum  resources  (Pef  20.70  - 20.72). 


n r »•  n-rived.  Figure  20. t/'  d*qi‘-*s 

•--'•r?i.;  iVtr  f the  Tf-  juired  eff'  r*  . Fuel 

: . •••  f- 1 r.g  * e.-hr.olog:*'  will  naturally  he  f primary 

ir.{  r’tf.-e  ’ •?allon  fjel  costs.  Tne  irtpa<*T. 

f re.nc"i  levels  of  refining  (lcw--r  fuel  *ost.si 
I.  a.,  aircraft  system  components  must  be  deter- 
-i.ued.  These  include  fuel  system  (p'iinps,  filler*-, 
t*'*’*  exchangers,  seals,  etc.),  and  airfra.me  (fuel 
si^e  and  design,  impact  on  range,  etc.)  con- 
; iera*^  ion?  as  well  as  main  burner  and  afterburner 
impacts.  In  addition,  handling  difficulties  (fuel 
» xi'ity)  and  environmental  impact  (exhaust  emis- 
si  -r.sl  require  evaluation.  The  overall  program 
m.i.-T  be  integrate!  by  a system  optimizat  i'>n  study 
t''  identify  the  best  solution  to  tne 
.-'atei  ob.'ective. 

20 . ^ . . 1 Fuel  Effects  on  Combustion 
Systems : F’iture  fuels  may  affect  combust  ion  system/ 

engine  perf '-rmance  through  change?  in  hydrogen  con- 
tent, v-latiiity,  viscosity,  olefin  content,  fuel 
nitrogen , suLfur,  and  -race  metal  content. 


Altho'ath  economics  and  supply  are  primarily 
responsible  for  this  recent  interest,  in  new  fuel 
sources,  projections  of  available  world-wide  petro- 
leum resources  also  indicate  the  necessity  for  seek- 
ing new  means  of  obtaining  Jet  fuel.  Regardless  of 
current  problems,  the  dependence  on  petroleum  as 
the  primary  source  of  Jet  fuel  can  be  expected  to 
cease  sometime  within  the  next  half  century  (Hef 
20.7"^^ 


If  the  general  nat’ure  of  future  aircraft 
(size,  weight,  flight  speed,  etc.)  is  to  remain 
similar  to  today's  designs,  liquid  hydrocarbons  can 
be  expected  to  continue  as  t.he  primary  propulsion 
fuel,  liquified  hydrogen  and  methane  have  been 
extensively  s*-  jviied  as  alternatives  but  seem  to  be 
practical  only  for  very  large  air^raf*^.  The  basic 
n'-in-p'=‘troleur.  resources  from  which  future  liquid 
hyircctrb'n  fuels  might  be  produced  are  numerous. 

T'ley  ran  ye  from  the  more  familiar  energ;/  sources  of 
• •• : , >il  shale,  an  i tar  sands  to  possible  future 
-cganic  materials  deriv^‘l  from  energy  farming.  Some 
f “^e  bas'i*  nyn*hetic  i.‘rui^».  , espe-’iaily  those 
produce  i fren  coal,  will  be  ap;re  -iably  different 
•har.  r^‘rcle'gn  crude.  Reduced  fuel  hydrogen  con*ent 
w- uid  be  an‘ icip.a-ed  in  Je*  fue,.s  produced  from  these 
a.  * erna*-e  sour^'es . 

R^-’auC‘=*  th<='  global  na*  L^e  of  aircraf* 

crerations.  J-^**  f lels  fu*  ire  are  likely  to 

be  rr''duc®i  fr~n  a • »C)bina*^  icr  ('S  *>;ese  basic  ,':urces. 
pre  du'-*  1 ’H  ’f  fuels  ‘'run  blenls  of  synthetic  crudes 
and  na*  ;ra.  -rudes  may  also  b*^  expected.  In  light 
f ‘ wi  ie  vai'ia*  i •'ns  in  materials  f!*  m which 
w >rld-w:  ie  Je*  nroducti  n can  draw,  it  is  antic- 

ira*^'-i  “'■.a'*  e'^onomics  will  iictate  the  acceptance  of 
f i*’  ‘'uels  wi*h  rropre*  ies  o*h^r  than  *hcse  of 
■••irren*  .y  us*»  I •’r-**,  JP-5^  and  A.  Much  a.iditional 
•^'chr.ica!  :nf:rTa‘i>ri  will  required  to  iientify 
* h"  f'je!  chara.'Cpri  St  i''c  whi'*:.  mve*  * he  f:>llr.wing 


a'  A : : w usage  ^ >*^y  w rl  i-wl  h*  resources 
*•  u,-  sre  avn  i lab  i I 1 *y . 

b^  Vininiz^  * ,f  aircraft 

i 1. 

/‘V  li  maj  r uacrifice  * *'  engine  pe' - 
f'rrar  •••,  .-a*'‘°‘y.  r «ovir  nimen^al  impact  . 

A ■‘'•rr!  'X  ;r'gra.m  is  r.ecessary  *o  »=»?*ablish 
•■.■.c  in*’  rma*;  -r.  bas#»  ‘'-■r.  which.  *'u*  ire  fuel  sp»cifi;'a- 


Figure  20,1.?  ''•verall  Scheme  for  Alternate  Jet 
F'lel  Development  Program 


Fuel  hydrogen  content  is  the 
most  important  pa"a.meter  anticipated  to  change 
significantly  with  the  use  of  alternate  f'uels. 

In  part  icula?',  fuels  produced  from  coal  would 
Ye  expected  * • have  significantly  red'uoed  hyiro- 
gen  content.  In  most  cases,  reduction  in  fuel 
hydrogen  conterg  would  be  due  to  increased  con- 
centrations of  aronatic-*ype  hydrocarbons  in  the 
fuel.  These  ma*.’  be  either  single  ririg  '■•r  poly- 
cyclic in  structure.  Fxperience  has  shv^vn  that 
decreased  hydrogen  ccr.ton*  significantly  in- 
fluences *-he  fuel  pyr  lysis  process  in  a manner 
which  rePul*’.*'  in  incr^'ased  ratep  ••arbr'r. 
particle  •^■'TT.a*  I n.  In  aiU‘’itTi  * ir.'reacel 
smoke  er.i  spi'"^:.,  * he  par*  icuiate;t  are  recpcnsihle 
for  f 'rna*ion  f a i'Ztino,.?  flame  w-.ev^^.  rlu.'k- 
bedv  ra i a*  i 'n  t'r 'm  * he  par*  icier  is  a t:re  i 'c; '!  t.at,* 
r-..  ie  f hea*  ‘ransf'-r. 


figni  ficant  .y  inercas--:  ra  i I a*  i -.-e 
1 a ding  on  comb'ust'r  liners  can  *1^  frm.  ie- 

fuel  hydrogen  •■‘onter.t.  In 'roarer  ir.  liner 
*onpera*'ire  M'anslat.e  int'-'  ie{«reaper  in  hardware 

life  and  ' ig.:*'’  . . • . 

*he  sensitivity  of  '•ombur^  -r  liner  * er.i  .-ra*  ure 
to  hyir’'gen  '•n*e:;‘.  The  f 11 'wing  nci- ii*'*»r.Pi  -nal 
» ;r>r.  'a''am"^er  i?  jp*=*i  * ' c~rrela*. 
sa*a  ;Fc^  repreren*  a* v*-  f 

.-■lier  en^Ir.e  jeg-igns. 
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7he  n'iT.»‘r'ttor  or’  this  expression  reptvsents  the  in- 
•?rense  in  ojr.bustor  liner  temperature,  T.  , over 
-".a*  obtainel  asin>^  the  baseline  fuel  hy-irc- 

djer.  r,  This  is  normalized  by  the  dif- 

!'erence  between  T and  combustor  inlet  tempera- 
■ .re,  T . It  was  found  that  data  obtained  using 
different  combust.’rs  could  be  correlated  using  this 
parameter.  It  should  also  be  noted  that  the 
parameter  is  representative  of  the  fractional  in- 
crease (over  the  baseline  f\tel ) in  heat  transfer 
t • * r.e  combustor  liner. 
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Fig.ire  .7.^.9  I.iner  Temperature  Correlation  for 
Many  Combustor  Types 


carbon  parti*.--  *'  'miat  1 r.  if  ai  u tv  * f 
tion  and  rciint'-r.arj  ’’  f.-  ;•  v.*-*  c in  * t« 

hot  comluntiori  c-.n»*.  !>  w v lfi«;;i*y  n.i  w.  '•:  *>. 

pocket  s to  p#*r* r.^-c-tuof  f * • r»  iucmj  var.  'f- 

ization  rate.  Again,  iricrea.>-i  : ar  * - *ul  a' «•:;  .-ar. 
cause  additi'.nai  radia’ivr  .'-aung  ’..rr.Luft  r 
liners  ani  m^re  jubstar.tial  smc  ke  - :*r- ions  . 


HYDROGEN  CONTENT  (%) 


Figure  20.^4.10  Smoke  Emission  Dependence  on 
Hydrogen  Content 


The  desired  formation  of  a finely 
dispersed  spray  of  small  fiel  droplets  i->  aa- 
versely  affected  by  viscosity.  Consequently,  tl.e 
shortened  time  for  gas  phase  combust  ion  r<“actions 
and  prolonging  of  fuel-rich  pockets  experienced 
with  low  volatility  can  also  occur  with  increaseu 
viscosity.  The  ignition,  stability,  emissions, 
and  smoke  problems  previously  mentioned  also  in- 
crease for  higher  viscosity  fuels. 


Because  combustor  design  differences 
play  an  important  part  in  determining  engine  smoke 
characteristics,  differences  in  emission  are  not 
correlatable  in  the  sane  manner  as  combustor  liner 
••emperat ure.  However,  results  obtained  using  a T^6 
single  comb’istor  rig  (Ref  20.3^)  are  illustrative 
of  the  important  trends  (see  Figure  20.U.10).  Sig- 
nificantly increased  smoke  emission  was  determined 
with  decreased  hydrogen  content  for  each  condition 
tested.  Trends  between  smoke  emission  and  hydi'ogen 
content  are  similar  for  each  combustion  condition. 
Increased  absolute  smoke  emission  between  the 
an  I .♦ombustor  inlet  temperature  conditions  is 

at^ribu^able  to  increased  press-ure  and  fuel-air 
ratio.  Although  a further  small  increase  might  be 
expected  for  the  condition  because  of  higher 

pressure,  the  lower  fuel-air  ratio  required  to  main- 
*aln  the  exhaus*’  temperat  ire  results  in  a 

v'-r  absr-l-ite  smoke  emission. 

Vola*-ility  affec*s  the  rate  at 
wh. ’h  .iquil  fuel  introduced  into  tne  combustor  can 
var  rir^*.  fin'^e  important  hea*  release  pr')cessos 
! n • ■ ■ ir  in* 11  gas  phase  reactions  take  place, 

f V *a*illty  .r.^-rtens  the  time  for  chem- 
• r**n  •*  i within  the  combustion  system.  In  the 
•-.is  car.  result  in  iiffieulty  in 
gr  -r.  i r el.*lt  i:e  igniM;r.  caiabili*;/,  reduce! 

- *•  .■*at;ll*y,  increased  emissions  >f  carbon 

- • - ; ' a-.  1 f.y  ir '■'arbor,  s (H'*’.,  ani  ‘h‘* 

-c  •>.  - mb. .‘‘hr.  efficiency.  Moreover, 


Olefin  content  is  known  to  in- 
fluence fuel  thei'mal  stability.  Potential  prob- 
lems resulting  from  reduced  thermal  stability  in- 
clude fouling  of  ■il-^uel  heat  exchangers  and 
filters,  and  pingring  of  f-iel  metpring  valves  and 
nozzles.  Ho  negative  effect  of  fuel  olefin  con- 
tent on  gas  phase  combustion  processes  vouhi  be 
expected. 

The  effect  of  increased  fuel- 
bound  nitrogen  is  evaluated  by  determining  the 
additional  HO  emission  occurring  when  nitrogen  is 
present  in  the  fuel  and  calcul.at'ng  ‘‘he  percent  of 
fuel  nitrogen  conversion  to  NO  necessary  to  cause 
this  increase.  The  baspline  petroleum  fuels  used 
in  this  stinly  had  near  zero  (<10  ppmw^  fuel-bv'und 
nitrogen.  Results  presented  in  Figure  DD.u.ll 
indicate  the  importance  of  two  variables.  First, 
as  comiustor  inlet  temperature  is  increased,  ecn- 
version  is  reduced.  Secondly,  as  fuel-boui.d 
nitrogen  concentrations  a:  p incrcise>i,  conversion 
iecreaspsi.  Tiiis  second  trend  Is  :*  insistpnt  with 
avail.able  rpsults  for  i-'il  shal*-  .TF-'*  which  ha  i 
less  than  .08^^  nitrogen.  Oynfuel  resul*s  are 
shown  a:-  a bani  ir.  r'igure  r*^.^4.ll  because  f il'’- 
ficulties  in  accurately  measuring  small  H'^ 
ir.crpasps . 

Both  s'jlfur  ai.i  -ru'  * -■  *a:r 
at  very  low  concen^ rat  l.-ns  in  c ivren*  fupa;. 

Sulfur  is  typi  tally  lens  than  because  •:.»> 


a 


1 


P0~P? 


pet  roit'vUn  i.>t;  use.i  t’or  Jet  I'uel  production  is  htiun  intended  niidress  fut'ore  turbopropulsion 

n»-itrly  v -id  "i*  suit'ur-cont.aini coinpounds.  A'-  peri‘or:nunce  requirements.  The  High  Mach  Com- 

’h  >ugh  s>acru'l'*u  coul  n'  -41  shale  would  be  bustor  (HMC)  is  an  advanced  system  design  concept 

•xjecu.'d  to  contain  hi/ther  suxTur  levels,  it  is  for  substantially  increased  performance  relative 

not  likely  that  the  c\irr*'-'*nt  specification  limit  of  to  contemporary  systems.  The  /ortex  Controlled 

0.'/"  w -uld  be  exeoede  1 with  the  processed  Jet  fuel.  Diffrser  (VCD)  is  an  improved,  low-loss  boundary- 

3ecause  of  the  way  ir;  which  future  Jet  fuels  are  layer  bleed  diffuser  which  supperts  the  needs  of 


expected  tt;  be  produced,  trace  metals  are  also  both  current  and  future  combustion  systems.  The 


! 


expectcvi  to  continue  to  be  present  at  low  concentra- 
tions I,  less  than  1 ppmw ) . Shoul>l  higher  levels 
appear  possible,  the  serious  consequences  (deleteriotts 
effects  on  turbine  blades)  would  justify  additional 
expense  for  removal . 
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shingle  liner  is  an  advanced  concept  combining 
new  design  features  for  both  improved  structural 
and  thermal  durability. 

20. U. 3.1  High  Mach  Combustor  I'riMC  : 

The  Hf'lC  is  an  advanced  combustor  design  concept 
reqiiired  to  meet  the  needs  of  the  High  Thru-rl'v 
Propulsion  System  (HTFPS).  The  HTFPS  is  an  ad- 
vanced technology  engine  designed  for  high  per- 
formance, light-weight  and  low  cost.  Z\  w:l. 
utilize  a variable-geometry  compressor,  a big:, 
entrance  Mach  number,  high  temperature  rise  ‘om- 
bustor  and  a variable-geometry  turbine  an:  ex- 
haust nozzle.  As  a result,  the  combustor  must 
be  capable  of  accepting  entrance  flow  fields  at 
Mach  numbers  nearly  twice  that  cf  contempv.rary 
systems  but  at  virtually  the  same  pressure  ’.'s-s 
levels.  Two  approaches  may  be  taken  t'--  meet  these 
technology  requirements:  (l)  slow  the  oombust-:r 

entrance  Mach  number  to  conventional  levels  by 
an  advanced  diffusion  system  (bleed,  dur.j-,  or 
staged  diffuser)  and  utilize  cont  emi  I'^ry  com- 
bustor technology^  or  (2)  design  the  combustor 
to  accept  the  high  velocity  flow  field  by  use 
swirl  combustion  techniques.  A cross-section  '^f 
a bleed  KMC  is  illustrated  in  Figure  20. I*. 13 
while  a high  velocity  swirl  b’.u'ning  concept  is 
illustrated  in  Figure  20.i4.lh. 


Figure  -.<.1.  -i 


^'uel-Bound  iJitrogen  Conversion  to 
V.O  in  an  Aircraft  Gas  Turbine 
^'■mbustor 


20.h.?.o  Combustion  System  Design  Impact; 

A1 ■ nough  in  the  early  stages  of  assessment,  it  ap- 
pears certain  that  future  combustion  system  designs 
will  be  significantly  influenced  by  the  changing 
charactei*  of  fuel  properties  ns  alternate  energy 
sources  are  tapped.  Designs  that  accommodate  lower 
hydrogen  content  fuels  with  good  combustor  Liner 
durability  and  l''W  smoke  emission  while  maintainiig 
the  customary  level  of  combustion  system  performance 
must  be  developed. 


Lean  crinarct  zone  combustion 
systems,  wnich  are  much  less  sensitive  to  fuel 
hydrogen  conten* , will  comprise  a major  approach  to 
utilizing  new  fuels.  Low  smoke  combustor  designs 
have  boon  shc/wn  to  be  much  less  sensitive  to  fuel 
hydrogen  cont»^n‘.  variations.  Figure  20.U.12  compares 
the  e-.rrelat i'jn  for  older  designs  (Figure  20. h. 9) 
with  rerul*n  for  a new'^r,  smokeless  combustor  design, 

* r.‘  'pef  Current,  research  on  st'i*-.'d 

' -^b  ' 'r  syntens  (Fee  20.1. l.L)  will  further  con- 

*T;t  it*-  ‘ WM-i  aciiievir.g  the  g'lai  of  leaner  burning 
rr.u!:.*  -'■•ing  ier.ir'''!  r>y..!.t‘n  performance.  Gom*’ 

1*.  inv'?  iemonrtruT 1 very  low  sensitiv- 

* f i'  *y:c  '.'.78).  These  extremely  im- 

: •'o;.*  i.v.K-:.*-:'  fr-'Vide  er.courfi/:ement  ^hat  future 

f ir' con^en*’  can  be  accommodated 

- ■ Vibh-  emissions  character- 


rnurr’*'  A Ivancemetit..-! 

wing  '-ibcf'ff  i.>n  br’eriy  ad 
j . ~rr.  ■ -current  ly  under  <*onsidrvr- 
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Figurt-  20.-.. 1.  Kffeot  Lean  i- r 

bust*.']'  Fu-'l  Cen.cit  ivi‘y 


•Irure  20.1. 13  HMC  with  Aivan-ei  Hleec 


Figure  20.U.11*  Swirl  Burning  HMC 


Tlie  liaer  is  basically  an  impingement  cooled 
segmented  design  as  illustrated  in  Figure  20.U.iC. 
The  outer  shell  serves  as  the  structural  or  load 
carrying  portion  of  the  combustion  system  and 
provides  impingement  cooling  for  the  inner  seg- 
ments or  shingles.  As  a result,  the  shingles 
provide  an  effective  thermal  barrier,  protecting  the 
highly-stressed  outer  shell.  Tie  shingle  liner  is 
particularly  well  suited  to  high  temperature  rise 
combustor  operation  where  cooling  airflow  is  at  a 
premium.  Additionally,  the  shingle  concept  offers 
improved  liner  life  due  to  its  thermally  relieved 
mechanical  design  aspect  and  the  possibility  of  im- 
proved maintainability,  as  low-cost  "throw-away" 
segments  may  be  employed.  The  Shingle  Liner  de- 
velopment vas  sponsored  by  the  Navy  and  conducted 
by  the  General  Electric  Company.  It  is  presently 
being  considered  for  both  near-term  and  future 
propulsion  syste.m  application. 


20. U. 3.2  Vortex  Controlled  Diffuser  (VCD): 
The  VCD  is  a compact  boundary- layer-bleed  combustor 
inlet  diffuser  designed  to  effectively  diffuse  both 
conventional  and  high  Mach  number  flow  fields  while 
providing  good  pressure  loss  and  flow  stability  in  a 
very  short  length  (relative  to  contemporary  diffu- 
sion systems).  The  VCD  was  initially  investigated  at 
Cranfield  Institute  of  Technology  by  Adkins  (Ref 
20.79).  The  basic  VCD  geometry  and  nomenclature 
are  defined  in  Figure  20.L.15.  Inner  and  outer  VCD 
bleeds  flow  from  the  primary  duct  exit  providing 
high  pressure  recovery  and  low  pressure  loss.  The 
VCD  advantages  are  principally  (l)  short  diffuser 
length,  (2)  high  pressure  recovery,  (3)  design 
simplicity  and  (L)  stable  flow  provided  by  the  vor- 
tex retaining  fences.  This  concept  offers  con- 
siderable promise  and  is  expected  to  find  its  way 
into  a wide  range  of  future  propulsion  system 
applications.  Extended  development  of  the  VCD  has 
been  sponsored  by  the  Air  Force  and  conducted  at  the 
Detroit  Diesel  Allison  Division  of  GMC. 


Radial  ^ap  (y) 


Bleed  Mcm 


Figure  Vortex  Controlled  Diffuser 


20. U. 3.3  Shingle  Liner:  The  Shingle  Liner 

lealgn  con''*»pt  is  an  advanced  combustor  cooling 
•'“’hnlque  featuring  a n^w  innovation  wherein  the 
th»-rmal  and  mechanical  stress  loads  of  the  combustor 
are  Isolated  and  controlled  by  independent  means. 


Figure  20.U.16  Shingle  Liner  Combustor 


20.3  CONCLUSIONS 

As  discussed  earlier,  the  turbine  engine  com- 
bustion system  has  undergone  an  evolutionary 
development  process  over  the  past  forty  years 
beginning  with  long,  bulky,  can-type  com- 
bustors (i.e.,  the  J33  shown  in  Figure  20.1.3) 
and  progressing  to  the  compact,  high  temperature 
rise  annular  combustors  of  today’s  newest 
turbopropulsion  systems.  In  recent  years,  sig- 
nificant teclinological  advancements  have  been 
realized  in  both  combustion  system  design  and 
performance.  With  respect  to  the  important  de- 
sign parameters  of  combustion  efficiency  and 
stability,  pressure  loss,  combustor  size,  and 
pattern  factor,  the  annular  combustors  recently 
developed  have  provided  substantial  improvements. 
Further  improvements  in  tnese  parameters  will  be 
required,  however,  if  propulsion  system  demands 
of  the  future  are  to  be  met. 


In  the  vital  area  of  durability,  improvements 
in  liner  design  and  cooling  have  added  sub- 
stantially to  the  maintainability  and  durability 
aspects  of  the  combustor  at  a time  when  system 
operating  pressures  and  temperatures  are  on  the 
rise.  Figure  20.5.1  illustrates  the  technological 
improvements  realized  in  the  10  - 15  years  since 
annular  combustors  where  introduced.  For  example, 
the  continued  drive  for  reduced  cost,  improved 
fuel  economy  and  design  compactness  and  simplicity 
has  led  to  the  compact,  high  temperat'.u*#*  com- 
bustor of  the  FlOl  engine  (developed  for  the 
B-1  Bomber)  illustrated  in  Figure  20.5.2.  This 
combustor  is  a low  pressure  loss  (5.12),  high 
heat  release  (7.5  x 10  BT’J/hr/atm/ft  ) design 
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Figure  20.5.1  Annular  'tmbu3t-.--r  I^ovelopn-ent 
Trends 


Figure  20.5.2  FlOl  Annular  Combustor 


Future  aircraft  propulsion  requiremen' . call 
for  primary  combustors  capable  of:  (l)  accepting 

great*-r  variations  in  comp-ressor  discharge  prenr.'ire, 
temperature  and  airflow,  (2)  producing  heat  release 
rates  and  temperatur*  rise  which  will  ultimately 
approach  stoichiometric  levels,  and  (3)  providing 
r.Ir'-.  ■'p.'r'!*  ional  r»»liahility  an  I imprt?vo  l com- 
: •'ner.t  iurability,  maintair-  ..i*y,  an  1 repair- 
ability.  Tn  addition,  the  new  r'^-'p^^t’enents  dir- 
'•ipse-i  in  Section  dO.  - — ‘Xhaust  -^missions  an  } fuej 
‘’>xirill*y — mist  be  addressed. 
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